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ABSTRACT

The last few decades have seen an explosion in the study and application of
nanomaterials that continues to grow at a dizzying pace. Despite exciting applications in
nano-enabled electronics, materials, medicine, and environmental remediation, an
understanding of the interactions of these materials with natural materials and systems
and the resulting implications lags severely behind. The purpose of this dissertation is to
illuminate these interactions as well as develop novel environmental applications from a
biophysical perspective.

Following an introduction and literature review in Chapter 1, Chapters 2-4 will explore
the application of dendritic polymers as novel and biocompatible oil dispersants for more
environmentally conscious response to catastrophic oil spills. Chapter 2 will serve as a
proof-of-concept, exploring the interactions between two model dendritic polymers and
two model oil hydrocarbons. Next, the biocompatibility of these nanoscale dispersing
agents is addressed in Chapter 3, using a soil amoeba as the primary model organism with
emphasis on the mechanisms of any observed toxicity. Finally, in an effort to minimize
cationic charge-induced cytotoxicity, the cationic terminal functional groups of
poly(amidoamine) (PAMAM) dendrimers are replaced with either anionic or neutral
functional groups. The resulting changes in structure and oil-dispersing function of the
original and modified dendrimers are then investigated.
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Chapter 5 details a study of the applications and implications of graphene derivatives.
Specifically, the environmental persistence of graphene and graphene oxide are assessed
by studying their interactions with natural amphiphiles using synergistic experiments and
molecular dynamics simulations. The application of graphene oxide for the removal of
polyaromatic hydrocarbons from aquatic systems is also investigated and compared to the
efficacy of PAMAM dendrimers in the same application.

Finally, Chapter 6 explores the interactions between silver nanoparticles and cytoskeletal
proteins using a variety of biophysical techniques. In this way, we may better understand
the fate of silver nanoparticles after their uptake by live cells. Chapter 7 will then provide
a brief conclusion and future directions in the field.

The goal of this research is to provide a deeper understanding of both promising
applications and the unintended implications of emerging nanomaterials. In this way, we
may both advance and secure the future of the rapidly growing and promising field of
nanotechnology.
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CHAPTER ONE
INTRODUCTION AND LITERATURE REVIEW
1. The Emergence of Nanotechnology
I am certain that nanotechnology holds huge promise. In medicine. In energy. In
computer processing. In so many areas. But unless environmental, health, and
safety issues are addressed in a way that fosters public understanding and support
for nanotechnology, that potential is in jeopardy. ~U.S. Senator Ron Wyden

The preceding quotation from United States Senator Ron Wyden is one of many,
indicating that not only scientists and engineers but also politicians, business people, and
the general public have both high hopes and serious reservations about the growing use of
nanotechnology. Recognizing both the enormous potential of nanotechnology and the
potential risks, Congress passed the 21st Century Nanotechnology Research and
Development Act, signed into law by George W. Bush in 2003. This act, which
appropriated approximately $3.7 billion to nanotechnology research over 4 years, funded
several different agencies and dictates the pursuit of a greater understanding of both the
applications and the ethical, societal, economic, and environmental implications of
emerging nanotechnology.
One result of such focused effort has been an explosion in the use of
nanomaterials in consumer products. The Project on Emerging Nanotechnologies (PEN)
tracks the growing use of nanomaterials in consumer products and offers a searchable
inventory.1 We can see that, from 2005-2013, there has been rapid and consistent growth
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in the number of nano-enabled consumer products (Figure 1.1) in categories such as
health and fitness, home and garden, automotive, food and beverage, and many others.

Figure 1.1 The number of consumer products containing nanomaterials in the PEN product inventory over
time1

2. Physical Properties and Applications of Nanomaterials
A nanomaterial is defined as any material with at least one physical dimension measuring
between 1-100 nm. These can be 0-dimensional (quantum dots), 1-dimensional
(nanorods, nanofibers), 2-dimensional (nano membranes or films), or more complex and
higher-order 3-dimensional structures. They can also consist of a wide variety of
materials including metals, metal-oxides, semiconductors, polymers, and carbon. Each of
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these possesses dramatically different physical properties that are also distinct from the
bulk material due to the extremely small scale of the material.
Metallic nanoparticles including gold and silver were among the first discovered,
when “colloidal gold” identified and studied by Michael Faraday in the 1850s.2 Solutions
of gold and silver nanoparticles have in fact been in use, however, since at least the 4th
century.3 Glass makers added gold and silver salts to molten glass in order to obtain deep
red and rich yellow colors, respectively, which was unwittingly achieved when these salts
were reduced to tiny nanoparticles embedded in the cooled glass. This was the first
“bottom-up” preparation of nanomaterials, in which a nanoparticle is produced by the
assembly of individual atoms.
The unique color of metallic nanoparticle suspensions arises from the
conductivity of metals. Electrical conductivity in a metal is due to the high mobility of
electrons in the material. In bulk metals, this allows the material to efficiently conduct
electricity with little resistance. Once reduced to the nano scale, however, new effects
arise. The material’s conductivity makes it highly polarizable, meaning that forces
exerted on the particle’s plasmons (or collection of free conduction electrons) can induce
a dipole in the material by slightly separating positive and negative charges. An incoming
oscillating electric field will induce a corresponding oscillation in the nanoparticle’s
plasmon, and this oscillation will have a particular resonant frequency based on the
identity of the material as well as its size, shape, and the nature of the surrounding
medium.4,5 This resonance, known as surface plasmon resonance (SPR, Figure 1.2) not
only results in the color of metal colloid solutions due to strong scattering of specific
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wavelengths, but in turn locally enhances the incoming electric field by several orders of
magnitude and has lead to many emerging applications including enhanced spectroscopy,
detection, biomedical imaging, and cancer therapies.6–11

Figure 1.2 An incoming oscillating electric field of the proper wavelength induces surface plasmon
resonance in metallic nanoparticles, which in turn causes strong scattering and local field enhancement12

More recently, carbon-based nanomaterials have seen a surge in research attention
due to their numerous potential applications. These materials themselves vary in
dimension from 0-, 1-, 2-, and 3-dimensional, namely fullerenes carbon nanotubes,
graphene, and nanodiamond, respectively (Figure 1.3). The sp2 electronic structure and
corresponding “honeycomb” arrangement of carbon nanotubes and graphene result in
several unique physical properties and exciting potential applications. The very high
mechanical strength of carbon nanotubes make them excellent candidates for light and
very strong building materials as well as existing composite material reinforcement.13
The high electrical conductivity of atomic layers of graphene has resulted in many efforts
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to develop graphene-based electronic systems that may be highly efficient, flexible, and
transparent. These include nanoscale transistors, detectors, flexible displays, and
photovoltaics.14–17 There are also several efforts to take advantage of the strength,
physicochemical properties, and extreme anisotropy of graphene materials to develop
highly selective and efficient membranes and filters for applications in water filtration,
desalination, and gene sequencing.18–22

Figure 1.3 The various basic architectures of carbon based nanomaterials, ranging from 0- to 3dimensional23

Originally proposed by chemist Paul Flory in 1941,24 dendritic polymers are a
class of polymeric nanomaterials with a highly branched, 3-dimensional structure. Within
this class are hyperbranched polymers, dendrons, and dendrimers, among others (Figure
1.4). Dendrimers are highly ordered structures consisting of polymer branches emanating
from a central core in a regular, repeating branching pattern. The number of branching
iterations is known as the “generation” of the dendrimer and characterizes its size.25
Hyperbranched polymers, while also made of repeatedly branching polymer units, have a
random internal structure. While this makes hyperbranched polymers more polydisperse

!

5!

than highly ordered dendrimers, this also makes them significantly easier and less
expensive to produce.26

Figure 1.4 Schematic of various classes of dendritic polymers based on the same basic monomer unit.
Courtesy American Chemical Society27

The physicochemical properties of a dendritic polymer can be starkly different
from a linear or cross-linked polymer consisting of the same monomer unit. Indeed, the
globular nature of dendrimers and hyperbranched polymers in particular cause them to
behave like individual nanoparticles rather than traditional polymer materials.28,29 For
example, dendrimers do not possess the typical polymer properties of entanglement,
random coiling, and reptation.26 The highly multifunctional nature of these structures also
enables many exciting new applications. For a dendrimer, the number of surface groups,
Z, grows quickly with the dendrimer generation (Eqn. (1.1)), where NC and NB are the
core and branch cell multiplicities and G is the dendrimer generation. The molecular
weight (MW), in turn, approximately doubles with increasing generation (Eqn. (1.2))
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where MC is the core molecular weight, MRU is the molecular weight of the repeating
polymer unit, and Mt is the molecular weight of the dendrimer terminal groups. In
contrast, the diameter of the dendrimer as a function of molecular weight increases
approximately as a power law with exponent n=0.5. Therefore, dendrimers become more
dense with increasing generation.25,26

Z = N C N BG

(1.1)

⎡
⎤
⎛ N G−1 ⎞
MW = M C + N C ⎢ M RU ⎜ B ⎟ + M t N BG ⎥
⎝ N B − 1⎠
⎣
⎦

(1.2)

!
Poly(amidoamine)! (PAMAM)! dendrimers! were! among! the! first! synthesized! and!
remain!one!of!the!most!frequently!studied!dendritic!polymers.!Current!applications!
being!pursued!vary!widely,!including!water!purification,30,31!drug!delivery,32–34!gene!
therapy,35!biomedical!imaging,36,37!nanoparticle!scaffolds,38!and!chemical!catalysis39!
among!many!others.!Despite!the!great!diversity!in!applications,!they!generally!take!
advantage!of!one!or!both!key!properties!of!PAMAM!dendrimers:!their!large!number!
of! reactive! terminal! groups! and! their! ability! to! encapsulate! small! hydrophobic!
molecules! or! chelate! metal! cations! in! their! interiors! while! remaining! waterO
soluble.26!
!

Molecule! encapsulation! by! PAMAM! dendrimers! is! made! possible! by! their!

unique! physicochemical! properties.! First,! the! terminal! amine! groups! (unless!
modified)!are!positively!charged!below!a!pH!of!10!and!are!therefore!waterOsoluble.40!
In! contrast,! the! interior! groups! of! PAMAM! dendrimers! including! secondary! and!
tertiary! amine! groups! are! uncharged! at! pH! values! above! 6.! This,! combined! with! a!
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high!number!of!surface!groups!inhibiting!the!penetration!of!water!molecules!to!the!
interior,! render! the! interior! of! PAMAM! dendrimers! somewhat! hydrophobic.40,41!
Therefore,! from! pH! 6O10,! PAMAM! dendrimers! are! amphiphilic,! or! possess! both!
hydrophobic!and!hydrophilic!portions.!The!molecular!structure!of!a!single!terminal!
branch! as! well! as! the! globular! structure! of! a! PAMAM! dendrimer! can! be! seen! in!
Figure!1.5.!
!

!
Figure' 1.5! Left:! The! chemical! structure! of! one! terminal! branch! of! a! PAMAM! dendrimer,! assuming!
neutrally!charged!protonation!states!of!all!species.!Right:!A!simulation!snapshot!of!the!structure!of!an!
amineOterminated,!G4!PAMAM!dendrimer!

!
The! amphiphilic! nature! of! PAMAM! dendrimers! has! lead! to! many!
investigations!of!applications,!perhaps!most!frequently!in!the!biomedical!delivery!of!
therapeutic! and! imaging! agents! that! typically! have! very! poor! water! solubility.41!
Currently,! dendrimers! are! being! investigated! as! potential! treatment! vectors! for!
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arthritis,! glaucoma,! and! several! forms! of! cancer.! The! same! physicochemical!
properties!of!dendrimers!can!be!used!to!efficiently!remove!trace!contaminants!from!
water! systems! including! humic! acids,42! metallic! cations,43! and! polyaromatic!
hydrocarbons30!(Figure!1.6).!When!combined!with!conjugations!of!their!numerous!
terminal! groups! (64! in! the! case! of! a! G4OPAMAM! dendrimer,! for! example),!
dendrimers!become!an!extremely!powerful!and!versatile!tool!in!a!rapidly!growing!
number!of!applications.!
!

!
Figure' 1.6! Possible! coordination! schemes! of! various! pollutants! with! the! outer! branches! of! a!
modified!PAMAM!dendrimer!including!(a)!copper!ions,!(b)!nitrates,!and!(c)!phenanthrene26!

!
3. Toxicity and Implications of Nanomaterials
While nanomaterials undoubtedly hold immense promise in many diverse applications,
the study and development of these applications has vastly outpaced the study of their
potentially negative implications. In addition to direct or intentional contact with
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nanomaterials as in cosmetic consumer products or biomedical applications, the
inevitable release of manufactured nanomaterials to the environment may have farreaching and unintended consequences. Accordingly, a growing number of studies are
addressing the environmental impacts and the mechanisms governing that impact and
potential toxicity of a wide array of nanomaterials.
For example, it is becoming increasingly common to use silver nanoparticles as
antimicrobial agents in many applications such as burn treatments, on surfaces, and in
many consumer textiles. Free silver ions, slowly released from the silver nanoparticle
surface, are toxic to bacteria.11,44 They are, however, toxic to virtually any other
eukaryotic cell as well, making them an increasingly prevalent environmental concern.45–
47

This has recently lead to public outcry over the widespread use of nanoparticles in

common consumer products, often without the knowledge of the consumer.47–49
A major development from investigations of the toxicity and impact of
nanomaterials was the realization that an understanding of the nanomaterial’s own
properties is insufficient to understand their transport and biological effects. Upon
introduction to environmental or biological media, the nanoparticle surface will quickly
become coated with one or more layers of proteins and other natural molecules found in
that medium. This coating of local proteins became known as the “protein corona”, and is
now known to have profound impacts on the transport, toxicity, and ultimate fate of
virtually any nanomaterial in complex media.50–52 Some of the earliest work in this area
was done by Dawson et al, who showed that proteins making up this corona can
communicate with the machinery of a living cell, causing otherwise unanticipated effects
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of exposure. They also showed effects of the nanoparticle size, shape, and surface
properties on the composition and conformation of the resulting corona (Figure 1.7).50
The significance of understanding the protein corona quickly became clear, as it seemed
to form the true “biological identity” of the nanomaterial, in that the corona is what cells
will actually “see” rather than the bare nanoparticle surface.53 This directly influences the
cellular uptake of and response to nanoparticles, which can be entirely different from the
bare material behavior. A protein corona can also have secondary effects on toxicity. For
example, a highly stable, long-lived corona (or “hard” corona) can inhibit the release of
free silver ions from the surface of silver nanoparticles, reducing their toxicity. In
contrast, a more weakly binding or dynamic coating of proteins is called a “soft”
corona.54 In other cases, a protein corona can increase the uptake of nanoparticles by live
cells in a “Trojan Horse” effect, ultimately increasing biological impact and toxicity.

Figure 1.7 (a) The formation of a fibrinogen protein corona around a gold nanoparticle, changing with
particle size. (b) Changing the particle surface properties, such as net charge, will also have a significant
impact on the resulting corona. Courtesy American Chemical Society50
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With the addition of protein coronae as an important factor, the causes of nanoinduced cytotoxicity are an extremely complex and interesting problem with many
possible variables. For example, Nel et al showed that, for the same original carbon
nanotube material, toxicity to pulmonary tissue changes drastically with changing net
charge of the carbon nanotube functional groups. They conclude that “pristine” and net
neutrally charged carbon nanotubes have approximately the same toxic potential, while
anionic tubes are significantly less and cationic significantly more toxic (Figure 1.8).55
That cationic nanomaterials result in significantly higher toxicity seems to be conserved
across many materials. While this is thought to be in part because of increased interaction
with anionic cell membranes and negatively charged moieties on blood serum proteins,
the exact causes of this increased toxicity are not yet completely understood.

Figure 1.8 In most cases, cationic nanomaterials seem to have greater toxic potential than otherwise
identical anionic materials, as seen in this case with multiwall carbon nanotubes (MWCNT). Courtesy
American Chemical Society55
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Dendrimers themselves have been shown to have interesting biological
interactions, which are of particular interest considering both their potential
environmental and biomedical applications. Preliminary studies of dendrimers for drug
delivery included the injection of G7 PAMAM dendrimers directly into the bloodstream
of zebrafish as well as in vitro studies with blood. Jones et al found that these highly
cationic dendrimers rapidly and aggressively cause blood clot formation, primarily
through electrostatic interactions with blood proteins. Other studies found unexpected
interactions of cationic dendrimers with platelets and red blood cells, causing further
toxic effects.56 Further studies found that G6.5 PAMAM dendrimers are capable of
crossing oral barriers in mice and entering the circulatory system unintentionally.57 With
these considerations, it is clear that while they hold great promise in many applications,
the biocompatibility of pristine PAMAM dendrimers may be insufficient for biological
applications and require modification; such changes to the dendrimer terminal groups
have indeed been shown to increase biocompatibility.58

4. Oil Dispersion
Aquatic oil spills are among the most damaging manmade disasters, both
environmentally and economically. Recent history has seen the 1989 Exxon Valdez spill
of 10.8 million gallons and the disastrous 2010 Deepwater Horizon spill of over 170
million gallons of crude oil.59 These catastrophic events actually account for just a small
fraction of crude oil spilled into aquatic systems through human operations; it is
estimated that 943 million gallons of crude oil were spilled globally between 1990 and
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1999, which includes both major spills and countless minor spills from “normal
operation”.60
Several methods are employed simultaneously in response to major oil spills in
efforts to minimize the impact as quickly and effectively as possible. These include direct
recovery and skimming, natural evaporation and dissolution, surface burning, and natural
and chemical dispersion. Using the Deepwater Horizon spill as an example, we can see
the breakdown of the impact of these different methods in terms of quantity of oil (Figure
1.9). Oil removal through human intervention accounted for approximately 33% of the
spilled oil volume; chemical oil dispersion specifically accounted for 8% of the
response.61

Figure 1.9 Estimated breakdown of the oil volume impacted by various processes after the 2010
Deepwater Horizon oil spill61
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Chemical oil dispersion is a process in which a chemical surfactant, typically an
amphiphilic linear polymer, is applied directly to oil slicks or plumes. This surfactant
then reduces the interfacial surface tension between the oil and water, ultimately forming
micelles approximately 10 µm in diameter,62 where the hydrophobic tails interact directly
with small crude oil droplets and hydrophilic ends interact with water. This processes
serves two primary purposes; first, it breaks the oil slick, therefore reducing the impact on
surface animals such as birds and also prevents the bulk of the slick from reaching coastal
beaches and wetlands. Second, it allows oil-eating microbes far greater access to crude
oil nutrients, therefore significantly speeding its biodegradation (Figure 1.10).63,64 Indeed,
several studies observed large blooms of these oil-eating bacteria in the vicinity of the
Deepwater Horizon spill and attributed this explosion of growth to the biodegradability of
dispersed crude oil.65,66
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Figure 1.10 Chemical dispersants break up an oil slick. (A) Amphiphilic, linear polymer dispersants are
added to an oil slick. (B, C) They quickly move to the oil-water interface and (D, E) break the slick into
small micelles, thereby dispersing the oil into the water column for dilution and biodegradation67

Since the Deepwater Horizon disaster, concerns have been repeatedly raised over
the negative effects of the primary dispersant used in the response, COREXIT 9500 along
with other commonly used chemical dispersing agents. Numerous studies have since
found these agents to be toxic, in some cases making crude oil even more toxic than oil
alone.68–71 However, chemical dispersion has served as an important component of major
oil spill response since the advent of their use in the 1960s.72 It is therefore highly
desirable to identify and develop an effective oil dispersion strategy that minimizes the
impact of an oil spill while introducing minimal toxic effects to the environment.
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This dissertation consists of three general aims. First, I will attempt to develop a novel oil
dispersion approach for the response to catastrophic oil spills based on dendritic polymer
technology and their ability to encapsulate hydrophobic molecules in water. This will
include proof-of-concept studies in Chapter 2, an assessment of the biocompatibility of
these dendritic polymer dispersants in Chapter 3, and mechanistic studies of their
effectiveness as dispersants in Chapter 4. In Chapter 5, I will compare the effectiveness
of dendritic polymers to graphene derivatives for the removal of key environmental
pollutants and assess the environmental interactions and impact of these graphene
derivatives. Finally in Chapter 6, I will briefly examine the biological interactions and
impact of silver nanoparticles. Chapter 7 will summarize the impact of these studies and
outline future directions.
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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CHAPTER TWO
PROOF OF CONCEPT OF DENDRITIC POLYMERS AS OIL DISPERSANTS
Geitner, N. K. et al Understanding Dendritic Polymer–hydrocarbon Interactions for Oil Dispersion. RSC
Adv. 2012, 2, 9371. Reproduced in part with permission of The Royal Society of Chemistry

1. Introduction
The 2010 Deepwater Horizon oil spill marks one of the greatest environmental disasters
in recent history, releasing an estimated 200 million gallons of crude oil into the Gulf of
Mexico.73 This disaster pales in comparison to the 420 million gallons spilled during the
first Gulf War.74 Recent history also saw 11 million gallons during the 1989 Exxon
Valdez spill59 and 140 million gallons in the 1979 IXTOC spill.75 Once one includes
spills from facility repairs and daily ‘‘normal’’ operation, an estimated 943 million
gallons of oil was spilled globally between 1990 and 1999 alone.60 A number of measures
are available to respond to these enormous quantities of crude oil, one of the most widely
used being chemical oil dispersants. Studies by both the US EPA and FDA found that
most dispersants, including the Corexit 9500A used during the Deepwater Horizon spill,
are approximately as toxic (or even more toxic) as crude oil alone.70,76 For future oil spill
mitigation, it is therefore highly desirable to develop oil dispersant alternatives that are
both effective and environmentally responsible.
Dendritic polymers are a class of synthetic polymeric nanostructures that consist
of a central core and a series of branches emanating from this core. Within this class of
dendritic polymers are dendrimers (well-ordered and monodisperse) and hyperbranched
polymers (a more random branching structure).77 Due to the flexibility of their structures,
ample interior space, the ability to form several intermolecular interactions at the same
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time, high molecular weights and biocompatibility,78 dendritic polymers are promising
alternatives for the practice of water purification.79,80 Poly(amidoamine) (PAMAM)
dendrimers, the most studied and commercialized dendrimers, possess a hydrophobic
core and positively charged surface groups at neutral pH. This unique physicochemistry
makes dendrimers ideal for hosting hydrophobic substances in the aqueous phase, as
exemplified by their applications in water purification,79 in vitro drug delivery,34 and a
host of other applications.81 Hyperbranched (HY) poly(ethyleneimine) is another class of
dendritic polymers which have also shown potential in encapsulating guest species
including metal ions and polyaromatics owing to the chelating properties of their amine
groups and their hydrophobic interiors at neutral pH. Their small size, globular structure
and low viscosity also enable their integration into ultrafiltration membranes allowing
them to be operated at low pressures, thus making the process energetically favorable and
thermodynamically spontaneous as opposed to reverse osmosis or nanofiltration.
However, despite their similarity in structure to the more expensive dendrimers, there are
only a few studies of HY in host–guest systems.82,83
The water solubility, globular structure, and ample hydrophobic interior voids
give dendritic polymers significant advantages over other recently investigated oil
remediation solutions including cellulosic fibers which are roughly linear and lose
efficiency when exposed to water.84 The oil-dispersing capabilities are related to another
promising application of dendritic polymers: their effective prevention of gas hydrate
formation in oil pipelines,85 a problem that plagues the petroleum industry.86 Here we
present a proof-of-concept study comparing the hosting capabilities of dendritic polymers
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– generation four (G4) PAMAM dendrimers and HY, towards both linear hexadecane
(C16) and polyaromatic phenanthrene (PN) hydrocarbons (Figure 2.1).

a)

c)

b)

d)

Figure 2.1 The chemical structure of (a) a terminal branch of PAMAM dendrimer, (b) a portion of HYPEI, (c) the hydrocarbon C16, and (d) phenanthrene

2. Materials and Methods
The HY polymers (MW: 10 kDa) were chosen to match the size and molecular weight of
the G4 PAMAM dendrimers (14 kDa). A stock concentration of 15 mM of HY was
prepared by diluting 2.25 g of 99% HY (Polysciences) in 15 mL deionized (DI) water
(18MΩ cm). These polymers contain primary, secondary and tertiary amines in the ratio
of 25/50/25. This ratio is similar to the ratio of amines in a G4-PAMAMdendrimer. The
fundamental interactions between the chosen hydrocarbons and dendritic polymers were
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examined using UV-vis spectrophotometry (Biomate 3, Thermo Electric Corp.), dynamic
light scattering (Zetasizer S90, Malvern Instruments), and static contact angle
measurements (DSA20, Krüss).
All samples were prepared by first diluting stock dendritic polymers to a final
concentration ranging from 12–65 mM in DI water and their pH adjusted to 8 using a
stock 1M NaOH solution. This choice of pH was to ensure that the dendritic polymers
remained amphiphilic, which ensures a hydrophobic core as well as a hydrophilic exterior
to maintain water solubility. A dose of 1.8 µL C16 or 1.0 mg PN was added to the
dendritic polymers, ensuring concentrations that exceeded the hydrocarbons’ solubilities.
The experiment with PN was carried out in glass tubes rather than plastic to prevent
adhesion of powdered PN to the container walls. The samples were bath-sonicated for 15
min and then mixed overnight on a rotor to reach equilibration. Each sample condition
was prepared in triplicate for error analysis and all measurements were performed at
room temperature.

3. Results and Discussion
Figures 2.2 and 2.3 show the absorbance of dendritic polymers with the addition of PN
and C16, respectively. In both cases the control dendritic polymer spectra were subtracted,
and the resulting complex or hydrocarbon peak absorbance noted and plotted versus the
concentration of dendritic polymers. The PN absorbance was read at 251 nm,
corresponding to the absorbance peak of aqueous PN (Fig. 2.2a). The data point at 0 mM
of dendritic polymer corresponded to PN dissolved in DI water (adjusted to pH 8). The
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peak PN absorbance increased linearly with increasing HY concentration (red circles,
Fig. 2.2b), whereas saturation was observed for the PN absorbance in the case of G4PAMAM (blue diamonds, Fig. 2.2b). Initially, G4- PAMAM solubilized more PN in
comparison with HY up to a concentration of 65 mM; however the absence of saturation
in solubilization of PN by HY indicates that HY can potentially solubilize more PN
without loss of efficiency in the concentration range examined.
b)
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Figure 2.2 The UV absorbance of aqueous phenanthrene (a), and the increase in the presence of
phenanthrene with the addition of varying concentrations of either HY-PEI (red circles) or G4-PAMAM
dendrimers (blue diamonds) (b). Error bars are standard deviations (N=3)

Atomistic MD simulations by Lin et al28 showed that buried water molecules, i.e.
water molecules in the interior of a PAMAM dendrimer, are thermodynamically
unfavorable compared to that in the bulk water well outside the dendrimer at neutral pH.
Hence the hydrophobic PN molecules would favorably partition into the interior of the
dendrimers. This solubilization is further augmented by the formation of charge-transfer
complexes between the PN aromatics and the tertiary amines of the dendritic polymers.
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However, the HY polymers, despite their random interior structure, possess a greater
internal hydrophobicity due to the absence of amide linkages (present in the PAMAM
dendrimers) that readily form hydrogen bonds with water molecules (Fig. 2.1a). The
interior tertiary amines remained deprotonated at neutral pH and hence offered more
hydrophobicity to the core of the HY polymers (Fig. 2.1b). Thus, saturation in the hosting
capacity towards PN was observed with PAMAM dendrimers, while the HY polymers
displayed a greater solubilizing potential. Assuming the PN solubility in water of 1.29 mg
L-1 (20ºC)87 corresponds to the PN absorbance observed when no dendritic polymers
were present, we calculated the PN solubility for varying dendritic polymer
concentrations using the corresponding PN absorbance levels. For G4 dendrimer,
solubility saturation occurred at 35.3 mg L-1, which is a 27.36 × improvement over the
solubility of PN in pure water. HY polymers, however, elicited an effective PN solubility
of 43.3 mg L-1 at 65 mM (a 33.66 × improvement over water) without displaying any
evident saturation behavior. These appeared at first glance to be less favorable results
than the PN loading capacity of surface-modified G4 ‘‘nanosponges’’ employed to
remove PN from water, where highly hydrophobic films of dendrimers were created by
modifying the surface groups of the dendrimers and such films were used to remove PN
from the aqueous phase. That process is energetically more favorable than solubilizing
PN in water,88 which is the aim of our study.
The absorbance of dendritic polymer-C16 samples (Fig. 2.3) suggests significant
complexation between both types of the dendritic polymers and C16. The new
absorbance peaks observed near 230 nm (after the subtraction of dendritic polymer
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control spectra) were likely due to non-covalent interactions between the C16 and the
dendritic polymers, leading to conformational changes in G4-PAMAM and HY. The
precise molecular nature of this complex is unclear and is a subject for our future work.
However, we hypothesize that the partitioning of the linear hydrocarbon chains into the
interiors of the dendritic polymers led to an overall mass redistribution of the polymers
and consequently changes in their absorbance spectra. Here we also observed that there
were statistical differences in the absorbance values of G4 and HY complexed with C16,
with stronger complexation occurring for the host of HY polymers, particularly at
concentrations below 30 mM. These differences could be attributed to the more
hydrophobic core of HY polymers compared to that of the PAMAM dendrimers (as noted
in the case with the aromatic PN) and the more open structure of the HY polymers that
could have facilitated partitioning of the linear C16.
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Figure 2.3 The UV absorbance intensity of the complexation peak formed upon the incubation of G4PAMAM (blue diamonds) or HY-PEI (red circles) with C16
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To understand the complexations of dendritic polymers and hydrocarbons, we
further characterized the hydrodynamic sizes of pure dendritic polymers as well as those
that had been incubated with either PN or C16, following the same mixing protocol
described above. As shown in Table 1, both G4 and HY displayed a modest size increase
after incubation with PN. This suggests that the PN molecules were partitioned or fully
encapsulated within the dendritic polymers and that there were few inter-complex
interactions present in the suspensions. Upon incubation with C16, however, there was a
marked dependence of the size of polymer-hydrocarbon complexes on G4 or HY
concentration, (Fig. 2.4).

Table 2.1 Hydrodynamic diameter (DH) of dendritic polymers and their complexes. * See Fig. 2.4

Dendritic Polymer
HY-PEI
G4-PAMAM

DH
5 ± 1 nm
4 ± 1 nm

PDI
0.22
0.15

With C16
*
*

With PN
9 ± 2 nm
6 ± 1 nm

Figure 2.4 illustrates a range of sizes, all of which are much larger than seen for
pure G4 or HY. This implies inter-complex interactions facilitated by the C16
incorporated into the polymers. For both G4 and HY incubated with C16, their
hydrodynamic sizes increased with concentration of dendritic polymer and saturated near
200 nm. Consistent with Fig. 3, HY exhibited a higher hosting capacity than G4 for C16,
at concentrations below 30 mM.
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Figure 2.4 The hydrodynamic diameter of complexes formed upon the incubation of G4-PAMAM
dendrimers (blue diamonds) or HY-PEI (red circles) with C16 and inset TEM images of the corresponding
complexes. Error bars are standard deviations (N=3)

The formation of G4 or HY-C16 complexes was confirmed by transmission
electron microscopy (TEM, Hitachi H7600), where G4 (50 mM) or HY (50 mM) were
incubated overnight at room temperature with C16 (1.8 mL) following the protocol
described above, and were subsequently negatively stained with uranyl acetate for 10 min
prior to imaging. The average sizes of G4 or HY-C16 complexes ranged between 200 and
280 nm (Fig. 2.4, inset), in agreement with the hydrodynamic size measurement.
To better understand the differential hosting capacity of G4 and HY polymers, the
above samples were subjected to a static contact angle experiment, during which a 2 mL
droplet of each sample was placed on a Teflon substrate and the static contact angle was
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measured. Pure dendritic polymer samples (also at pH 8) were used as controls and were
observed to have static contact angles equal to that of pure water. The parameter of
interest was the change in contact angle, once the G4 or HY had been incubated with a
hydrocarbon (Figure 2.5). Since Teflon is highly hydrophobic, a very high contact angle
(136º) was yielded for hydrophilic samples (i.e. water and pure dendritic polymers) while
smaller static angles were seen for more hydrophobic samples (i.e. those containing
hydrocarbons). Figure 2.5 shows an interesting behavior of these host–guest systems: we
first observed less negative changes in contact angle as the concentrations of polymer
increased, indicating the increasing hydrophilicity of the suspensions. At higher polymer
concentrations, however, increasingly more negative changes in contact angle were
recorded, implying increasing hydrophobicity of the samples.
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Figure 2.5 The static contact angle of droplets containing varying concentrations of G4 dendrimers (blue)
or HY-PEI (red) incubated with C16 on a Teflon surface. Error bars are standard deviations (N=3)
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The contact angle measurement trends were in excellent agreement with the
trends observed in the hydrodynamic size experiment summarized in Table 2.1 and
Figure 2.4 and the absorbance data shown in Fig. 2.3. One plausible interpretation here is
that it was the available hydrocarbons, i.e., hydrocarbons that had at least one end
available for interaction with the solution and Teflon surface that affected the contact
angle. The implication of combining the hydrodynamic size and contact angle results is
twofold – first, they suggest that PN molecules, which measure 1.17 nm × 0.80 nm, were
partitioned within the dendritic polymers89 and had few exposed moieties available for
initiating additional interactions with other polymer-PN complexes. Second, they implied
the formation of ‘‘super-complexes’’ of dendritic polymers and C16 as a result of the
linearity and rigidity of the hydrocarbon. The proposed schemes for the latter implication
are illustrated in Fig. 2.6. Because C16 measures at 2.2 nm long compared to the
hydrodynamic radii of 2.0 nm and 2.5 nm for G4 and HY, respectively, we conclude that
C16 must not be partitioned completely to the core of the dendritic polymer. Therefore,
there should be one end of C16 protruding from the dendritic polymer.
If C16 did penetrate completely to the core we would not observe the nearly
identical size behavior of super-complexes for G4 and HY. This protruding end either
partitioned into another G4 or HY (Fig. 2.6b), or paired with an additionally captured C16
through hydrophobic interactions (Fig. 2.6c). Energetically the former configuration is
more favorable than the latter due to the reduced exposure of hydrocarbon to the aqueous
environment. In both scenarios the C16 molecule would have both ends engaged and
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become unavailable for further interaction with either the suspension or the Teflon
surface. This cross-linking of complexes could continue until super-complexes were
formed, reaching the approximate 200 nm in mean size as observed. At this critical size
the super- complexes no longer grew any further but instead simply formed in greater
numbers. This likely occurred as a result of the decreasing number of hydrocarbons per
unit surface area for larger super- complexes, thus making further growth sterically less
feasible. Indeed, once this critical size was reached, an increasingly hydrophobic
behavior was observed for the suspensions. Because of the random nature of the
interactions, some C16 molecules inevitably remained on the outer surfaces of the supercomplexes. We believe that it was these outer, uncapped hydrocarbons that directly
affected the hydrophobicity and thus the contact angle of the dendritic polymerhydrocarbon samples. No change in static contact angle on Teflon was seen for PN
complex samples with dendritic polymers at any concentration, suggesting stable
hydrophobicity associated with such samples and further confirms that PN molecules
have been completely encapsulated by G4 and HY.
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a

b

c
Dendritic
Polymer

C16

Figure 2.6 Schematic of potential interactions leading to the formation of super-complexes after
the incubation of dendritic polymers with aliphatic hydrocarbons such as C16. The incomplete insertion of
C16 into the core of the dendritic polymer (a) may lead to direct bridging with the interior of another
dendritic polymer (b) or hydrophobic interactions with another hydrocarbon (c)

4. Conclusions
In summary, both G4 and HY dendritic polymers possessed a strong capacity for forming
complexes with both linear and poly-aromatic hydrocarbons, as evidenced by distinct
UV-vis signatures of hydrocarbons in aqueous solution, growth in polymer
hydrodynamic size, as well as significant decreases in contact angle on Teflon to manifest
a more hydrophobic solution. The 27.36 × improvement in the solubility of PN in water
for G4 and 33.66 × improvement (without observed saturation) for HY are strong
indicators of their potential as oil dispersants. In consideration of the significantly lower
cost of HY than G4 as well as the comparable (for polyaromatic PN) or more favorable
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hosting capacity (for linear C16) of HY as shown in this study, HY polymers seem to be a
better choice than PAMAM dendrimers for the practice of oil dispersion. This is
understandable because of the more hydrophobic interior and more open structure of the
HY polymers, which cater for a greater accessibility of linear and nonlinear
hydrocarbons. Further study will include computational modeling to better understand the
nature of the hydrocarbon – dendritic polymer interactions. In addition to hosting
capacity, future studies will also be conducted to verify the biocompatibility of dendritic
polymers employed as oil dispersants.
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CHAPTER THREE
THE ENVIRONMENTAL IMPACT OF DENDRITIC POLYMER OIL DISPERSANTS
Geitner, N. K. et al. Effects of Dendrimer Oil Dispersants on Dictyostelium Discoideum. RSC Adv. 2013,
3, 25930. Reproduced in part with permission of The Royal Society of Chemistry

1. Introduction
For decades, the use of oil dispersants has been a frequent yet controversial response to
marine oil spills.72 The purpose of such practice is to break up persistent oil slicks and
plumes in an attempt to mitigate the impact on shorelines and near-surface life while
simultaneously making the oil more accessible for biodegradation by oil-eating
microbes.65,66 The first oil dispersants developed were highly toxic to marine life. Modern
dispersants, such as the COREXIT dispersant used during the 2010 Deepwater Horizon
disaster, are considerably less toxic yet studies by the US EPA and others show that even
these current options are equally or even more toxic than crude oil alone.68–70 In addition,
because they are not recovered after deployment, dispersants are free to diffuse through
the water column and even to shorelines to impact aquatic and soil organisms in the
ecological sphere.
Dictyostelium discoideum is a soil amoeba commonly used to assess the health of
a soil environment and the impact of toxins or pollutants on that environment, and also as
a model organism in toxicity studies.90,91 They are also applicable to aquatic
environments as well as soil/aquatic environment interfaces (such as wetlands), as many
amoebas can transition from soil to aquatic environments and there are generally no
fundamental physiological differences between aquatic and soil amoebae.92 Over the
course of its developmental cycle, this eukaryotic species transitions from single celled
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amoebae to multicellular slugs and fruiting bodies and is prevalent in the soil of forests,
within degrading organic matter, or in nutrient-rich sediment. Because they lack the cell
walls possessed by bacteria or plants, D. discoideum are particularly sensitive to the
threat imposed by pollutants. D. discoideum also form a crucial link in the local food
chain, feeding on bacteria and being consumed by nematodes and other small
organisms.93
Dendrimers are a well-ordered and monodisperse nanomaterial within the class of
dendritic polymers. Structurally, dendrimers consist of a central core and several iterative
branches emanating from this core, ending in terminal groups.94 The number of branching
iterations determines the size of the dendrimer and is termed the “generation”.
Poly(amidoamine) (PAMAM) dendrimers possess charged surface groups owing to their
primary amines and hydrophobic interiors at physiological pH, making them a soluble
amphiphilic molecule. For this reason dendrimers are a focus of studies in water
purification26,30,88 and drug delivery,34,35 being used to encapsulate a wide variety of
hydrophobic substances (pollutants, drugs, and prodrugs) in the aqueous phase as well as
metallic ion water contaminants.95 In Chapter 2 I showed that generation-4 (G4)
PAMAM dendrimers interact strongly with both polyaromatic (phenanthrene) and linear
(hexadecane) hydrocarbons, acting effectively as an oil dispersant.96 The dendrimers
accomplish this by partially partitioning hydrocarbons into their hydrophobic interiors,
thus suspending them in aqueous solution in quantities far greater than their natural water
solubility.
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The present study examines the effect of G4 PAMAM dendrimers on the soil
amoeba D. discoideum when utilized as an oil dispersant. In this way we hope to shed
light on the impact of such an oil dispersant on shoreline ecosystems such as wetlands,
forests, and estuaries. We employ phenanthrene (PN) as a model polyaromatic
hydrocarbon (PAH), known to be among the most ubiquitous and toxic components of
petroleum products, often being studied for its impact on aquatic and soil ecosystems.97–99
Our investigation covers the physicochemical aspects of dendrimer–PN complexation
and the biophysical and toxicological responses of D. discoideum to the exposure of PNladen dendrimers. We also briefly examine the interactions between PN-loaded dendritic
polymers and Daphnia magna, or water flea, as a model macro organism.

2. Materials and Methods
Preparation of phenanthrene-loaded PAMAM dendrimers
Stock solutions of G4 amine-terminated PAMAM dendrimers (MW: 14 kDa) were
purchased from Dendritech (Midland, MI) and first diluted in 1 × phosphate buffered
saline (PBS) at pH 7.4 (HyClone, Thermo Fisher Scientific). The capture of PN
molecules in a dendrimer solution was performed as described previously.96 Briefly, an
excess of dry PN powder (Sigma-Aldrich) was added to the dendrimer stock solutions,
bath sonicated for 15 min, and subsequently rotated overnight. The result was a
dendrimer stock solution saturated with PN molecules through hydrophobic interactions
between the dendrimer interiors and the hydrocarbon, with excess PN settling out from
the solution. Previous studies have indicated that this method results in approximately 5
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PN molecules complexed with every G4 dendrimer in solution, as well as free PN at its
maximum natural water solubility (1.3 mg L-1).96 To confirm that PN did not cause
dendrimers to aggregate in PBS, thus reducing their bioavailability, we measured the
hydrodynamic size of the complexes using dynamic light scattering (DLS). We found
that there was no observable aggregation of dendrimer–PN complexes (10 mM
dendrimers) and that the hydrodynamic size increased modestly from 4.5 ± 1 nm to 5.5 ±
1 nm upon incubation with PN. This also suggests that some PN were not completely
encapsulated and “hidden” by the dendrimers, but instead were partially protruding from
the dendrimer core due to steric hindrance. Simulation studies have confirmed the
presence of PN near the periphery of the PAMAM dendrimers.100 Both with and without
PN, the zeta potential of the amine-terminated PAMAM dendrimers at neutral pH is 23.5
± 4.5 mV.

Fluorescent labeling of PAMAM dendrimers
G4 PAMAM dendrimers were fluorescently labeled using sulfo-rhodamine 101 sulfonyl
chloride (SSC) (Anaspec, San Jose, CA), an amine-reactive fluorescent dye. Dendrimer
stock solutions (50 mM) were prepared in DI water and the pH adjusted to 8.5 in order to
slow the hydrolysis of SSC before attaching to dendrimers. This solution was then chilled
to 4 ºC, and dry SSC was added at a stoichiometric ratio of 2 dye molecules per
dendrimer and rotated in the dark at 4 ºC for 30 min. In this way, approximately 2 out of
the 64 surface primary amines of each dendrimer were fluorescently labeled; such a low
labeling ratio ensured the physicochemical properties of the dendrimers remained largely
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intact. Excess dye not covalently bound to the dendrimers was removed by centrifugation
using a 3 kDa cutoff centrifugal filtration unit (Amicon, Billerica, MA). The labeled
dendrimers were then diluted in PBS to a final stock concentration of 50 mM and stored
in the dark. This stock was then split and half was incubated with PN as described above.

Dictyostelium discoideum cultures
D. discoideum wild-type (Strain Ax2) cells were grown axenically as described
elsewhere.101 Briefly, cells were maintained in T25 or T75 cell culture flasks (Corning,
Tewksbury, MA), in HL5 medium (per liter: oxoid proteose peptone, 10 g; glucose, 10 g;
yeast extract, 5 g; Na2HPO4, 0.19 g; KH2PO4, 0.35 g; pH 6.6) supplemented with
ampicillin (100 mg mL-1), and were sub- cultured twice per week. For all experiments,
cells were harvested during log phase.

Kinetics of dendrimer–cell association
The cell association of dendrimers with and without PN was performed using SSClabeled dendrimers. Three subcultures of D. discoideum were prepared and the number of
cells in each culture was counted immediately before beginning the experiment using an
image-based cytometer (Countess, Life Technologies, Carlsbad, CA). The live cell
concentrations were then adjusted by adding HL5 nutrient medium to dilute all
subcultures to 2.2 × 105 cells per mL. Each of the three subcultures were then split into
12 aliquots of 4 mL in two 6-well plates and allowed to adhere to the plate bottom
surface for 2 h, at which time the cultures were gently serial-washed into PBS, resulting
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in a low final concentration of HL5 (~5%). Both 6-well plates received SSC-labeled
dendrimers (with or without PN) in each well, resulting in a final dendrimer
concentration of 2.5 mM. One plate was then incubated at 2 ºC, and the other at room
temperature in the dark for 2 h, approximately corresponding to the time required for
culture membrane potential measurements to come to equilibrium. This time scale also
allows us to largely ignore the death of cells due to the uptake of dendrimers, which
would significantly convolute the results. At each time point, 150 mL was removed from
the top layers of each well and set aside in a 96-well plate along with control samples
containing no cells. Cell-only controls confirmed that cells and HL5 medium displayed
no fluorescence above 530 nm. The fluorescence in each well of the 96-well plate was
then read using a Cary Eclipse fluorescence spectrophotometer with plate reader
(excitation: 575 nm). The fluorescence intensities from 595–615 nm were integrated and
normalized to initial values for analysis. Viability/proliferation assay Cell viability and
proliferation of D. discoideum was performed using a DHL assay kit (Anaspec, San Jose,
CA). Specifically, on a sterile 96-well plate, 5 portions of 80 mL each of live cells in HL5
nutrient medium were incubated with 20 mL of dendrimer stock solutions in PBS,
resulting in 100 mL samples at final dendrimer concentrations of 1 mM, 10 mM, and 50
mM, both with and without PN. Two sets of controls were prepared: one of 80 mL HL5
nutrient medium alone and 20 mL PBS to provide a measurement of background
fluorescence, and another with 80 mL cells in nutrient medium and 20 mL PBS without
dendrimers. Additional subcultures were incubated with 1, 10, and 50 mM Tween 80
(Sigma-Aldrich, a nonionic surfactant) in PBS in order to compare dendrimers and a
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primary component of the COREXIT oil dispersant.102 Each well then received 20 mL of
the assay dye. The resulting fluorescence intensities (excitation: 560 nm; emission: 590
nm) were read on a Cary Eclipse fluorescence spectrophotometer with plate reader for 24
h. The first data points are given at 2 h due to the time required to obtain an initial
fluorescent signal from metabolized fluorophores. Because of the similarities in baseline
fluorescence intensities, fluorescence spectrum characteristics, and intensities at late
times for low dendrimer concentration, and in consideration of the similarities between
dendrimers and proteins in UV absorption dendrimers should exert no direct impact on
the fluorescent assay (excitation: 560 nm). Technically, because the dye must be
activated by cellular metabolism within live cells, controls directly examining possible
interactions with the fluorescent assay were not feasible.

Membrane potential
The physical integrity of D. discoideum membranes was probed using a FLIPR
membrane potential assay kit, blue formulation (Molecular Devices, Sunnyvale, CA).
This assay kit consists of a buffer solution (HBSS + HEPES buffers, pH 7.4) and a
mixture of fluorescent dyes and quenchers (excitation: 530 nm; emission: 560 nm).
Amoeba cultures were first washed by pelleting the cells at 1700 × g and re-suspended in
PBS in order to avoid the background fluorescence of the HL5 nutrient medium. The
washed cells were distributed into a 96 well plate with 100 mL per well. After allowing
the cells to adhere to the plate for 2 h, 100 mL of assay dye in buffer solution was added
to each well and incubated for 30 min, at which time a baseline fluorescence reading was
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obtained for each well. We then added 50 mL of dendrimer with or without PN stock
solutions and began fluorescence readings immediately, stopping after all signals reached
equilibrium (approximately 2 h). The control wells received 50 mL of PBS alone.

Fluorescence imaging
Fluorescence imaging was performed on a Nikon TI Eclipse fluorescence microscope
(Nikon Instruments, Melville, NY). Cells were first washed in PBS as described above
and incubated with SSC-labeled dendrimer solutions at a final concentration of 10 mM
for 2 h. The cells were then washed twice more in PBS to remove any labeled dendrimers
which were not cell associated and then wet mounted in PBS on glass microscope slides
for imaging. The cover slips of the sample slides were completely sealed with lacquer to
prevent water evaporation. Differential interference contrast (DIC) bright-field and widefield fluorescence images were obtained (40×, oil-immersion objective, NA =1.3) for
amoeba exposed to the dendrimers and overlaid during analysis. Images were obtained
using a Coolsnap HQ2 high-sensitivity quantitative monochrome camera (Photometrics,
Tucson, AZ), and the fluorescence images were pseudocolorized red before overlaying
with DIC images to aid visualization.
To understand the interactions of hyperbranched polyetheleneimine (HY-PEI), the
hyperbranched polymer previously studied as a potential oil dispersant,96 with a macro
organism, Daphnia magna were exposed to HY-PEI polymer (Mw: 10 kDa) labeled with
primary amine reactive dye Fluorescamine. HY-PEI was labeled at a stoichiometric ratio
of approximately 2 dye molecules per polymer; unreacted dye was removed by
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centrifugal filtration and the polymers resuspended in culture medium to the desired
concentration. Daphnia were immobilized in 1% Agarose gel in Tris/Borate/EDTA
(TBE) buffer, then wide-field fluorescence and bright field imaging was carried out on a
Nikon Ti-Eclipse Fluorescence Microscope. Excitation and emission occurred
respectively at 400 and 480 nm. Fluorescence images were pseudo-colored blue to
indicate the presence of labeled HY-PEI and overlaid with bright field images for
localization.

3. Results and Discussion
Cell proliferation and viability
As an initial assessment of D. discoideum's response to cationic dendrimers and PN, we
examined the proliferation of amoeba cells incubated with varying concentrations of G4PAMAM with and without PN over a 24 h period. The fluorescent indicator dye was
activated by mitochondrial dehydrogenase enzymes in cellular metabolism and was thus
an indicator of total metabolism that occurred in the sample. At early times this was
strongly correlated to the total number of viable cells from the initial subculture
population and thus a decrease in fluorescence intensity relative to the control served as
an indication of acute toxicity. At later times it was more accurately an indication of total
metabolism and proliferation of the cell culture, and a decrease in these intensities
relative to the control were indicative of long-term toxicity or inhibition of culture
proliferation.
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Figure 3.1(a) shows the fluorescence signal every 2 h for 18 h from each
subculture as a fraction of the control culture at each time point, which contained no
dendrimers or PN. Therefore, a normalized fluorescence intensity of 1 corresponds to a
culture with a metabolic rate identical to the control. Early time points for the 1 mM
subculture both with and without PN, as well as the 10 mM subcultures with PN, all show
no significant deviations from the control, defined as lying outside the 95% confidence
interval. This indicates no acute toxicity in those subcultures. At 10 mM dendrimers
without PN, however, the metabolism indicator decreased to 82% of the control,
suggesting some acute toxicity due to the dendrimers alone. Similar short-term toxicity is
seen for both samples at 50 mM concentrations.
Figure 3.1(b) shows the total metabolism in the subcultures after 24 h. At each
concentration, we note that there is no statistically significant difference (95%
confidence) between samples with (red) and without (blue) PN as well as with Tween 80
(gray) (n = 5). A dendrimer concentration of 1 mM caused no statistically significant
deviation from the control, indicating no long-term toxicity or inhibition of proliferation
due to dendrimers at that concentration. We do observe, however, that Tween 80 caused a
statistically significant decrease in viability at 24 h, with approximately 80% total
metabolism compared to the control. Upon increasing the Tween 80 concentration there
was no increase in toxicity observed after 24 h of incubation. This is because at 10 mM
we reached the critical micelle concentration (CMC) for Tween 80, thus significantly
reducing the bioavailability of Tween 80. We note that this is a concentration
considerably higher than one would encounter in the field when COREXIT is applied as a

!

41!

dispersant. Higher dendrimer concentrations, in sharp contrast, display marked decreases
in total metabolism with approximately 35% as many live cells at 10 mM and 25% at 50
mM compared to the control. Because of the similarity in the long-term toxicity profiles,
we conclude that the inhibition of culture proliferation was due to the presence of
dendrimers and not PN. The differences in acute toxicity suggest that toxicity was due to
interactions with dendrimers and not PN and also that there might be some variation in
cellular uptake and response to dendrimers which have encapsulated PN, thus reducing
acute toxicity.
a)

G4 1 µM
G4+PN 1µM

1.4
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G4+PN 10µM
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G4+PN 50 µM
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Figure 3.1 The relative culture proliferation over time (a) as indicated by fluorescence intensity, and the
relative culture proliferation after 24 hours (b) with G4 PAMAM dendrimers or dendrimers that have
captured phenanthrene, compared to Tween 80. Error bars are standard deviations (N=5)

Cell-association kinetics
To verify any difference in the ability of D. discoideum to uptake PN-loaded dendrimers,
we next performed a cell-association study that included both cellular uptake and
adsorption to the cell membrane. Figure 3.2(a) compares the cell association of SSClabeled dendrimers (red squares) to those loaded with PN (blue diamonds). Though rates
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of dendrimer depletion are similar in the two cases, the depletion of PN-loaded
dendrimers appears to saturate after 19% of the dendrimers have been removed from
solution, while dendrimers alone fall by 30% without clear saturation behavior. This
indicates a more efficient uptake of unloaded dendrimers by the amoeba cells, likely
through strong electrostatic interactions between the cationic dendrimers and the
negatively charged cell membranes as well as endocytosis elicited by the cells.
Figure 3.2(b) compares uptake kinetics by cells at room temperature to cells held
at 2 ºC, at which temperature the energy-dependent endocytotic processes are shut down
without compromising the cultures. This low temperature will also cause the membranes
to be completely in gel phase, thus limiting passive diffusion of dendrimers across the
lipid bilayer. While this low temperature will also slow the diffusion of dendrimers, by
~10% based on the Stokes–Einstein equation, the rapid diffusion of dendrimers and small
sample volume should readily compensate for this difference for the timescale of the
present experiment. We again note that the depletion of dendrimers alone at room
temperature is the most efficient, while dendrimers at 2 ºC fall by just 16% in 2 h.
Interestingly, the kinetics observed for loaded and unloaded dendrimers at 2 ºC are
almost identical, implying a common mechanism for interaction in both cases. Because
uptake by cells at 2 ºC is minimal, this observation implies that the difference seen in Fig.
3.2(a) is due to a much greater internalization of dendrimers compared to PN-loaded
dendrimers. Once cellular uptake is halted, this difference disappears.
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Figure 3.2 Cell-association kinetics of labeled dendrimers with and without phenanthrene at room
temperature (a) compared to 2 ºC (b). Error bars are standard deviations (N=3)

By comparing the dendrimer depletion rates at room temperature and 2 ºC, we can
deduce the rates for dendrimer uptake and adsorption with amoeba cells. To accomplish
this, we assume that dendrimers in cultures held at 2 ºC are depleted from solution by
adsorbing to the exterior of the membranes alone, while at room temperature depletion is
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due to adsorption as well as cellular uptake. By subtracting the depletion rates of
dendrimers alone at room and cold temperatures, we find that uptake alone contributes
0.31% per min to dendrimer depletion, which corresponds to 1.9 × 1013 dendrimers per
min. Taking into account of the total number of 0.88 million cells per well, we deduce
that each cell internalized approximately 20 million dendrimers every minute over the
first hour of incubation. In contrast, dendrimers loaded with PN at room temperature
were internalized at a much smaller rate of 1 million per cell per min. This rapid uptake
of dendrimers is a likely cause of the acute toxicity observed for dendrimers that have not
been PN-loaded.103
Observing the saturation points of cultures held at 2 ºC also allows the
approximation of the coverage of dendrimers adsorbed onto the membrane surface. By
noting cellular morphology in bright-field images, we approximate the exposed surface
area (approximated as a half sphere, 2π2) of each cell to be 400 mm2. Using a saturation
point of adsorption of 16% depleted (Fig. 3.2b), the known initial dendrimer
concentration, and assuming an even distribution of the dendrimers across only the
exposed cell surface, we found that there were approximately 3–6 nm between adjacent
dendrimers. Recall that the measured hydrodynamic diameter of these G4 dendrimers is
4.5 nm. This implies a tightly packed (saturated) monolayer of dendrimers across the
entire exposed membrane surface, which lead to a halting of the adsorption of more
dendrimers onto the cellular membrane due to the electric repulsions between the
dendrimers.

!

45!

Membrane potential
In order to elucidate the mechanisms of any observed dendrimer toxicity to amoebas, we
performed a membrane potential assay. The fluorescent dyes in this assay are membrane
permeable; their penetration into the cell increases upon membrane depolarization and
decreases upon membrane hyperpolarization. The assay quenchers, however, are not
membrane permeable. Therefore, any dyes in the extracellular space are quenched while
those that have penetrated into the cell are free to fluoresce with an excitation at 530 nm
(emission at 560 nm). Following this scheme, an increase in fluorescence intensity
indicates membrane depolarization, while a decrease indicates hyperpolarization.
Figure 3.3 (right panel) shows assay fluorescence signal relative to the control
with no cells. We observed a statistically significant, concentration dependent
depolarization of the cell membrane at all concentrations of dendrimers without PN (red)
with a signal increase of 23%, 330%, and 430% at 1 mM, 10 mM, and 50 mM,
respectively. Because amine-terminated PAMAM dendrimers are positively charged at
neutral pH, this indicates that the internalization of the dendrimers led to a depolarization
of the cell membranes as depicted by the schematic in Fig. 3.3 (left panel). The exterior
of the cell membrane is known to be at a higher net electric potential than the interior due
to the peripheral proteins present at the inner membranes. The internalization of highly
cationic dendrimers (positive circles) raises the electric potential of the inner membrane
through charge neutralization, thus leading to depolarization.
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Figure 3.3 The fluorescence intensity of membrane depolarization experiments, where increased intensity
indicates more a more depolarized membrane (right), which is caused by the uptake of cationic dendrimers
(left). Error bars are standard deviations (N=5). * Statistically significant, 95% confidence level

We noted a markedly different response for dendrimers with PN (blue). The
lowest concentration, 1 µM, showed no statistically significant variation from the control.
Both 10 µM and 50 µM did display membrane depolarization (a 51% and 40% increase
relative to the control), though at levels a factor of 2.2 and 3.1 times less than dendrimers
alone, respectively. Also we noted that the depolarization due to dendrimers with PN did
not increase in a concentration-dependent manner. These results suggest that the cellular
uptake and response to dendrimers with PN is inhibited compared to dendrimers alone,
causing there to be fewer cationic dendrimers inside of the cell to trigger membrane
depolarization. This is consistent with our uptake kinetics experiment, in which the
uptake rates of PN-loaded dendrimers were severely inhibited. This may be because PN,
though it promotes membrane adhesion due to hydrophobic interactions, should also
inhibit membrane translocation of the dendrimer–PN complexes. PN cannot be
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completely encapsulated by G4 PAMAM dendrimers as shown in our earlier simulation
study, and as a result dendrimer–PN complexes were significantly more hydrophobic
than the exterior of the dendrimers alone. Therefore, they may slow or prevent
dendrimers from fully crossing the hydrophobic interiors of the cell membrane due to
partitioning with the fatty acyl tails of the lipids. They may also be more easily
encapsulated in the amoeba's vacuoles and lysosomes by the same reasoning. We note
that there was no change in membrane potential upon incubation with Tween 80 at
concentrations of 1, 10, or 50 µM, which is not surprising, as Tween 80 carries zero net
charge.

Fluorescence imaging
In another approach to confirm any difference in uptake of dendrimers with and without
PN by amoebae, I performed a combination of bright-field DIC and fluorescence imaging
(Figure 3.4). The 600 nm fluorescence of SSC-labeled dendrimers was overlaid with the
DIC images to allow for localization of dendrimers within the amoeba cells. The red
coloration in the images indicates the presence of SSC-labeled dendrimers.
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Figure 3.4 Overlaid bright field and fluorescence images of amoebas without dendrimers (a-c), incubated
with G4-PAMAM dendrimers (d-f) and dendrimers with phenanthrene (g-i). Red color indicates the
location of dendrimers. Scale bar is 10 µm and applies to all panels.

The control amoebae (Fig. 3.4a–c) all exhibited round morphology, smooth edges,
and clearly defined intra- and extracellular space. The cells incubated with dendrimers
alone, in contrast, possessed rough edges and less sharply defined cell membranes. The
dendrimers (appearing red) generally filled the intracellular space, sometimes also being
localized within bright cellular vesicles (Fig. 3.4e). Those cells incubated with
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dendrimers plus PN displayed morphologies more closely resembling that of control
cells, strengthening the notion that dendrimers with PN caused less membrane disruption
than did dendrimers alone. These amoebas with dendrimers plus PN also appear to be
smaller, on average, than control amoeba cultures. This may be due to the negative effect
of PN on cell metabolism, or due to the partitioning of PN, which compromised the cell
fluidity; the latter case is similar to our earlier study of cell contraction induced by gallic
acid-suspended fullerene. We also noted that dendrimers with PN filled the intracellular
space much less evenly than did dendrimers alone, and were often localized at the
membranes (Fig. 3.4g) or in vesicles (Fig. 3.4g–i). These observations clearly support our
hypothesis that the PN protruding from these dendrimers inhibited the translocation of
dendrimers across cell membranes and the lipid bilayers of vesicles, thus reducing their
overall uptake and any resulting membrane disruption and cytotoxicity.
It was also observed that some cells incubated with dendrimers plus PN were able
to remove the PN-containing dendrimers from themselves (Fig. 3.4h and i), likely
through the exocytosis of vesicles containing these complexes. Fig. 3.4h also suggests
that a “pinching-off” reaction may be occurring, during which the amoeba closed off and
removed a contaminated or damaged area of itself in order to preserve the rest of the
cell.104,105 Such active transport and segregation of dendrimers alone is much less likely
since PAMAM dendrimers are very similar to simple globular proteins in structure and
elemental composition, and thus are likely not “recognized” by the cell as a foreign or
toxic substance.
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Combined wide field fluorescence and bright field microscopy images of D.
magna shown in Figure 5 demonstrate that the organisms ingested HY-PEI polymer, with
both agglomerates and a lining of the being evident. HY-PEI mostly collected on the
antennae, feeding legs, and carapace as well as in the gut of the organism. The antennae,
legs, and carapace pose slightly negatively charged, and attract the positively charged
HY-PEI polymer, also the oily (hydrophobic) nature of the antennae and carapace of the
daphnia would bind to the hydrophobic interior of the HY-PEI. These images introduce
the possibility of loss of mobility and ingestion of HY-PEI as the causes of HY-PEI
toxicity to Daphnia magna. The ingestion of HY-PEI and resulting lining of the gut may
also interfere with natural nutrient uptake processes.106 The actual toxicity of HY-PEI
when employed as an oil dispersant to D. magna is discussed elsewhere.107

Figure 3.5 Overlaid bright field and fluorescence image of D. magna incubated with HY-PEI, where blue
coloration indicates the presence of labeled dendritic polymers
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4. Conclusions
We have examined in this study the interactions between soil amoeba D. discoideum and
G4 PAMAM dendrimers when utilized as an oil dispersant, using PN as a model PAH.
We found that the dendrimers alone were taken up by the amoebae, which at
concentrations of at least 10 µM resulted in significant toxicity. The mechanism of this
toxicity is presumed to be the adsorption and uptake of highly cationic dendrimers, which
resulted in the depolarization of the cellular membranes. This uptake of dendrimers was
confirmed by cell association experiments at room temperature and 2 ºC. At lower
concentrations (1 µM), however, we saw no acute toxicity or proliferation inhibition
towards these amoebae. We also observed that the ability of amoebae to take up
dendrimers loaded with PN was significantly decreased, likely due to increased
membrane retention as a result of the increased hydrophobicity of the complexes.
Consequently, the presence of cationic dendrimers in intracellular space was reduced,
giving rise to reduced membrane depolarization and reduced toxicity. This finding that
the dispersant is in fact less toxic to D. discoideum upon capturing PN is noteworthy and
in stark contrast to other dispersant studies, in which oil-dispersant complexes are
typically equally or more toxic than either the dispersant or oil alone. Our prior work has
shown that G4 PAMAM dendrimers were capable of solubilizing both polyaromatic and
linear hydrocarbons across a wide range of concentrations.

This alone presents a

significant advantage over surfactant-based oil dispersants, which must act collectively to
be effective. By utilizing dendrimers in low concentrations, we are presented with a
nonlinear oil dispersant which is effective not only in hosting capacity but also non-toxic
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to soil amoebae upon contact with the shoreline. It is not difficult to extend this
conclusion to marine amoebae, which would be more immediately impacted by the
deployment of any oil dispersant.
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CHAPTER FOUR
THE STRUCTURE-FUNCTION RELATIONSHIP OF DENDRIMERS AS ROBUST
HOST-GUEST AGENTS
Reproduced in part with permission from Environmental Science and Technology, in press. Unpublished
work, copyright 2014 American Chemical Society

1. Introduction
Originally proposed by Paul Flory,24 dendritic polymers are a class of macromolecules
consisting of highly branched polymer units. Within this class are dendrons, dendrimers,
and hyperbranched polymers.24 Dendrimers can be precisely synthesized with high order
and monodispersion, with well defined branching units emanating from a central core.24
The number of these branching iterations is termed the Generation of the dendrimer and
determines its size, structure, and function. Hyperbranched polymers, in contrast, possess
less well defined branched interiors, resulting in a higher polydispersity at a much lower
production cost. Due to their unique physicochemical properties, there are a wide variety
of current and potential applications of dendrimers ranging from environmental to energy
and biomedical. For example, dendrimers have been shown to remove contaminants such
as humic acids42 and metal ions43,95 from drinking water or contaminated soils, and can
be used in light-harvesting applications for superior transduction efficiency.108,109 There
are also many current endeavors to develop dendrimers as drug carriers to either increase
the delivery and circulation lifetime or to enable targeted delivery, particularly for the
treatment of cancer110,111 or arthritis.32,112 In many of these cases, the investigators take
advantage of the amphiphilic nature of many dendrimers, hosting insoluble hydrophobic
substances in their hydrophobic interiors while remaining water soluble due to charged
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terminal functional groups.40,41 Other applications also utilize the large number of
terminal groups of dendrimers for multivalent functional conjugations.113
Given their hosting capabilities, we have previously proposed PAMAM polymers
as oil dispersants,96 and showed that cationic PAMAM dendrimers are capable of hosting
both polyaromatic and linear hydrocarbons in water.96 Conventionally, lipid-like oil
dispersants have been in use since at least the 1960s72 and also during the large scale
Deepwater Horizon disaster of 2010. However, concerns over the potential toxicity of
conventional oil dispersants have been recently raised.69–71 There is a renewed and
pressing desire for effective yet biocompatible dispersing agents. Our previous work has
shown, however, that highly cationic amine-terminated poly(amidoamine) (PAMAM)
dendrimers cause acute toxicity in amoebas at a high concentration.114 Similarly, several
other studies have also shown that highly cationic PAMAM dendrimers cause significant
charge-induced toxicity in vitro115–117 and rapid blood clotting in vivo.118 It has been
suggested that the electrostatic interaction between highly cationic PAMAM and
negatively charged cell membrane results in pore formation to trigger cytotoxicity.
Therefore, efforts are increasingly being focused on altering dendrimer terminal charges
in order to reduce the toxicity or improve the efficacy of dendrimer agents.26,58
Many studies have been conducted on the size, structure, and dynamics of
dendrimers depending on dendrimer generation119,120 and environmental conditions such
as solution pH and ionic strength.29,33,119–121 It has been shown that PAMAM dendrimers
adopt globular-like structures with the repeating monomers loosely packed in the interior
and the surface groups protruding, forming hydrogen bonds with water. Simulations
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revealed dynamically forming pores in the interior that can bind various guest
molecules.28,119 Solution pH and ionic strength can also affect dendrimer structure by
changing the dendrimer protonation states and screening of electrostatic interactions,
respectively.29,121,122 It is not understood, however, how surface modifications of
dendrimers, a common strategy in dendrimer design and synthesis, might affect their size,
structure, dynamics, and subsequent functionality, including host-guest interactions.
Here, we investigate the effects of varying the surface charge and functionality on
dendrimers’ ability to serve as effective oil dispersants. Synergistic experiments and
molecular dynamics simulations are performed to probe the interactions, limitations, and
differences between cationic, anionic, and neutrally charged PAMAM dendrimers with
linear, polyaromatic, and hybrid hydrocarbons as well as the combination thereof. The
implications of this study reach beyond oil dispersion to drug delivery and other
applications, noting the differences in dendrimer interactions with aliphatic and aromatic
hydrophobic molecules as well as potentially unanticipated effects of altering dendrimer
surface functionality. We find that marked differences in hosting capacity for
hydrocarbons arise from changes in both the structure and dynamics of the dendrimers
with varying terminal functionality.

2. Methods and Materials
Materials and Characterization
All dendrimers were purchased from Dendritech, Inc. and were PAMAM G4.0
(generation four) in water solvent and stored at 4°C. Phenanthrene (PN) and
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octadecylbenzene (ODB) were purchased from Sigma-Aldrich, hexadecane (C16) from
Acros Organics and all stored at room temperature. The dendrimer stock solutions were
diluted in DI water (18 MΩ cm) to a final concentration of 15 µM, and their pH adjusted
to 8.2 to mimic that of seawater using 1M NaOH and 1M HCl. Dynamic light scattering
(DLS) and zeta potential characterizations of these prepared stock solutions were carried
out on a NanoBrook ZetaPALS.

UV-vis Spectophotometry and Phenanthrene Affinity
UV-vis spectroscopy absorbance measurements were performed on a temperaturecontrolled Cary 300 Bio (Thermo Electric Corp.). To normalize the concentration of PN,
a known quantity was dissolved in methanol and the intensity of the absorbance peak at
251 nm was measured. This relation was then used to calculate all other PN
concentrations. The concentration of dendrimer-associated PN was calculated using Eqn.
(3), where [PN]T is the total observed concentration of PN in the column and [PN]S is the
concentration of free PN in solution.

[D i PN ] = [PN ]T − [PN ]S

(3)

A solution of 15 µM dendrimers was used as a control in all measurements of PN with
dendrimers. Each sample was prepared with 1 mg of PN added to 2 mL of either water or
dendrimer stock solution. Samples were bath sonicated for 5 min (Branson) and then
rotated overnight to reach equilibrium. We then measured the affinity of dendrimers for
PN in water as a function of temperature by measuring the absorbance of PN over a
temperature range from 20-80ºC. The temperature was increased at a rate of 0.1ºC/min,
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and absorbance was measured every 1.0 ± 0.02ºC. These measurements were made in
triplicate in sealed quartz cuvettes. The association constant K was calculated using Eqn.
(1), where [D] is the free dendrimer concentration.

K=

[D i PN ]
[D][PN ]S

(1)

Solutions of PN dissolved in C16 were prepared such that the final solution was
8% PN by weight dissolved in C16. For sample incubations, 20 µL of this stock was
added to 2 mL of either water or dendrimer solution and then rotated for 1 h. This
ensured that the same total mass of PN was added as in the pure PN experiments. The
same temperature ramp as above was then performed, again by measuring the absorbance
of PN at 251 nm.

Fluorescence
Fluorescence measurements were performed on a temperature-controlled Cary Eclipse
fluorometer (Thermo Electric Corp.). ODB-doped C16 stock was prepared such that the
hydrocarbon solution was 2.6% ODB by weight. For all measurements with ODB, 65 µL
of stock solution was added to 2 mL of water or dendrimer solution and then rotated
gently for 1 h. It was then allowed to settle, and solution was pulled from the middle of
each tube to avoid phase-separated oil. Then 20 µL of stock ODB-doped C16 was added
to each cuvette to ensure a consistent excess of available hydrocarbons. The fluorescence
emission was observed at both wavelengths of 290 nm and 299 nm, with an excitation
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wavelength of 258 nm in both cases. The fluorescence emission intensities were recorded
every 1.0 ± 0.02ºC in the same temperature ramp as described in Methods above.

DMD Simulations
Discrete molecular dynamics (DMD) is a special type of molecular dynamics algorithm,
featuring rapid dynamics sampling efficiency. The detailed algorithm and force field
parameterization can be found elsewhere.123 We used a united atom representation to
model the molecular system, explicitly modeling all polar hydrogen and heavy atoms and
with implicit solvent. Inter-atomic interactions were modeled by a physical force field
adapted from Medusa,124 which included Van der Waals, solvation, electrostatic and
hydrogen bond interactions. The atom types and their interaction potential followed the
extend Medusa force field parameter for small molecules.124,125
The starting structures of dendrimers were generated by constructing the idealized 3dimensional dendrimer structure consisting of a core, branching units, and terminal
groups, followed by equilibration and energy minimization. To emulate a solution pH of
8.2, all G4-NH2 and G4-SA terminal groups were charged (protonated and deprotonated,
respectively). All tertiary amines in G4-NH2 and G4-OH were deprotonated and therefore
uncharged. To model the partial protonation of tertiary amines in the presence of acid
terminal groups, the protonation state of the interior tertiary amines of G4-SA was varied,
where 0, 10, 20, or 30% of randomly selected tertiary amines were protonated. In our
simulations, the net charges of the molecular systems were maintained zero by adding
offsetting charges, such as chloride (Cl-) and sodium (Na+) ions. After the initialization of
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dendrimer structures, energy minimization using DMD was carried out for 10,000 time
steps (approximately 10 ns) before carrying out further equilibrium simulations.
In DMD simulations, temperature is in the unit of kcals/mol·kB, where kB is the
Boltzmann constant. Our simulations were conducted for a temperature range of 0.5-0.8
kcal/mol·kB, corresponding approximately to 250-400 K. The Anderson’s thermostat126
was used to perform constant temperature simulations. At each temperature, energy
minimization was first carried out for 10 ns and the simulations were conducted for 2
million time steps (approximately 1 µs), corresponding to an average of approximately 72
CPU hours. We characterized the sizes of all three types of dendrimers by measuring the
radius of gyration (Rg) as a function of temperature. The mean and standard deviation of
Rg were obtained from 8,000 snapshots evenly distributed throughout the final 800 ns of
simulation.

3. Results and Discussion
Distinctive Physicochemical Properties of Dendrimers with Modified Terminal Groups
Generation 4 PAMAM dendrimers of positively (NH2), negatively (SA), and neutrally
(OH) charged functional groups, all at pH 8.2, were first incubated with PN. We
measured the concentration of saturated PN in water and in dendrimer solution with an
excess of PN (see Eqn. (1) in Methods; Fig. 4.1), and computed the concentration of
dendrimer-associated PN [D·PN]. We determined the [D·PN], quantifying the capacity of
dendrimer to host PN, as a function of temperature (Fig. 4.2a). The temperature range of
20-80 ºC was chosen to examine the fundamental differences in dendrimer behavior and
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interactions with hydrocarbons. Initially, the positively and negatively charged
dendrimers have similar hosting capacities, while the neutrally charged dendrimer has
lower hosting capacity. As temperature increases in all cases there is an increased hosting
of PN by dendrimers. This trend continues until approximately 74ºC for positively and
neutrally charged dendrimers, at which point the PN hosting capacity reaches a peak
followed by a marked decrease. Negatively charged dendrimers reach their maximum
capacity at earlier temperatures, reaching just 56% the maximum PN hosting of G4-NH2.

Figure 4.1 The total concentration of phenanthrene (PN) in solution as a function of temperature in pure
water and solutions of dendrimers of varying surface functionality, measured using 251nm UV absorbance
peak of PN
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Figure 4.2 (a) The concentration of dendrimer-associated PN as a function of temperature for varying
dendrimer surface functionality. (b) The calculated association constants between PN and PAMAM
dendrimers of varying surface functionality, as a function of temperature
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With the measured PN concentrations in water and in dendrimers as well as the
concentration of dendrimers in solution, we can calculate the apparent association
constants, K (see Eqn. (2) in Methods) and compute logK as a function of temperature
(Fig. 4.2b). For NH2 and SA-terminated dendrimers, we observe relatively constant, large
apparent association constants at low temperatures. In contrast, the neutral OHterminated dendrimers had a much lower affinity at low temperature, but this affinity
surprisingly increases rapidly with respect to increased temperature and becomes nearly
identical to the NH2-terminated affinity near 70ºC. Both G4-NH2 and G4-OH dendrimer
affinity for PN sharply drop at 74ºC, as expected (see Fig. 4.2a). Despite the more
significant and gradual decrease in G4-SA affinity, we note an increase in this rate of
decrease at the same 74ºC, indicating the temperature at which it becomes more favorable
for PN to dissolve in water than to be partitioned inside of the dendrimers, as PN water
solubility increases approximately exponentially with temperature over the observed
range (Figure 4.1). Therefore, the changes in dendrimer surface charge result in drastic
changes in its hosting capacity of PN and the temperature dependences. However, since
PN is non-charged and the binding is not governed by electrostatic interactions, it is
intriguing as what the molecular mechanism is for such drastic changes in hydrocarbon
hosting capacity upon adjusting the dendrimer surface charges.
We postulated that the changes are mostly in the structure of dendrimer, which in
turn affect the hosting function of dendrimer. We first characterized the size and charge
properties of all three types of dendrimers in solution (Table 4.1) using DLS and PALS
zeta potential measurements, respectively (Methods). The DLS results suggest that the
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dendrimers are fairly monodisperse and tend not to aggregate in DI water. Second, that
the OH-terminated dendrimers have smaller hydrodynamic diameters (DH) than their
charged counterparts. The zeta (ζ) potential quantifies the dendrimer net electrokinetic
potential in solution. We find that, indeed, the OH-terminated dendrimers carry nearly
zero net charge and the amine-terminated dendrimers are highly positively charged (+30
mV). Interestingly, the SA-terminated, while negatively charged, carry a net charge with
significantly smaller magnitude than the amine-terminated. This reduction of overall net
charge suggests that some of the interior tertiary amines in SA-terminated dendrimers
may become protonated at this pH. Assuming electric multilayers similar in nature, the
measured differences in zeta potential magnitude suggest the protonation of
approximately 30% of G4-SA tertiary amines. Such a significant shift in pKa of the
tertiary amine compared to neutral and positively charged dendrimers is feasible in the
presence of a large number of terminal acidic groups in the vicinity.127 These
characterizations suggest significant physicochemical differences in PAMAM dendrimers
caused simply by varying the terminal functionality. Next, we perform molecular
dynamics simulations to study the changes of dendrimer size and structure with respect to
surface charges at the molecular level.
Table 4.1: Characterization of PAMAM Dendrimersa

Functionality!

DH!(nm)!

ζ (mV)!

NH2!
OH!
SA!

4!±!1!
3!±!1!
4!±!1!

30.7!±!2.9!
O0.9!±!1.0!
O18.5!±!2.0!

a)!DH:!Hydrodynamic!diameter.!ζ:Zeta!Potential!
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We performed DMD simulations of all three dendrimer classes (Methods) and
measured the radius of gyration (Rg) as a function of temperature (Fig. 4.3a) for each
case. For the SA-terminated dendrimers, we studied the effect of partial protonation of
their tertiary amines, with levels of protonation ranging from 0-30% protonation. Across
the simulated temperature range, the Rg of G4-NH2 increases from 19.4 Å to 21.25 Å, in
good agreement with small angle neutron scattering (SANS) experiments.128,129 G4-SA is,
across the simulated temperature range, larger than G4-NH2 due to the slightly longer
terminal groups. Their Rg values decrease with increasing tertiary amine protonation, and
at the lowest tested temperature it reduces from approximately 22.25 Å at 0% protonation
to just 20.0 Å once 30% of the interior tertiary amines have been protonated. This size
change is because of the electrostatic attraction between these protonated groups and the
negatively charged terminal carboxyl groups. This attraction also limits the expansion of
G4-SA with temperature: e.g. G4-SA(30%) swells just 1.25 Å compared to a 1.9 Å
growth seen in G4-NH2, resulting in equal Rg values at the highest temperature in
simulations.
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Figure 4.3 (a) The radius of gyration for neutral, cationic, and anionic dendrimers as a function of
temperature, with anionic dendrimer tertiary amine protonation of 0-30%. (b) Representative snapshots of
NH2, OH, and SA-terminated dendrimers. (c) Scheme of increased protonation of tertiary amines
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While amine- and SA-terminated dendrimers have similar sizes across the entire
temperature range, G4-OH is clearly smaller than its charged counterparts, expanding
from an Rg of 16.25 to 18.13 Å at the lowest and highest simulation temperatures,
respectively. This markedly smaller size is due to the lack of electrostatic repulsion
between terminal groups and hydrogen bond formation between the terminal hydroxyl
groups, resulting in a much more compact dendrimer structure (e.g. typical snapshot
structures in Fig. 4.3b).
These differences in size and how sizes change with temperature in simulations is
consistent with the experimentally observed differences in apparent affinity for PN as in
Fig. 4.2. G4-OH has a much lower affinity for PN at low temperatures because, at those
temperatures, they are significantly more compact than either G4-SA or -NH2, thus
reducing the size and accessibility of the interior voids to host PN. As temperature
increases, the G4-OH expands with increased Rg, thereby granting access to its growing
interior cavities. Our zeta-potential characterization of G4-NH2 and G4-SA suggests that
approximately 30% of the G4-SA tertiary amines are protonated (Fig. 4.3c) assuming
tertiary amines in G4-NH2 are not protonated.26 This change allows strong electrostatic
interaction between terminal groups and the protonated tertiary amines, which causes the
dendrimer to not only contract, but also noticeably inhibits size expansion with
temperature (Fig. 4.3a). As a result, the G4-SA features a lower host capacity and
apparent affinities for PN compared to G4-NH2. It is also important to note that, by
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charging a fraction of the interior groups, the interior voids become slightly less
hydrophobic and thus less favorable for hydrocarbon interactions.

Hosting of Various Classes of Hydrocarbons and Their Mixtures
Having examined the differences between dendrimers of different surface charge, we are
now interested in binding between PAMAM dendrimers, using G4-NH2 as our model,
and different hydrocarbons. Amine-terminated dendrimers were chosen because they
exhibited the strongest binding with hydrocarbons across the tested temperature range,
and therefore allowed the best characterization of the differences between PAMAM
binding with different classes of hydrocarbons. As crude oils are composed largely of
aliphatic hydrocarbons, it is critical to understand dendrimer interactions with such linear
hydrocarbons. However, purely aliphatic hydrocarbons are difficult to track
quantitatively in solution. To overcome this difficulty, we doped solutions of hexadecane
with octadecylbenzene (ODB, 2.5 w/w%), which is an 18-carbon chain with the addition
of a benzene ring on one end. The result is a solution with minimal change from a purely
aliphatic hydrocarbon mixture but which can be monitored in real time in solution using
spectrofluorescence measurements (Figure 4.4). We characterized the excitation and
emission of ODB-doped C16 in various conditions: dissolved in 100% methanol,
suspended as an oil-in-water emulsion in DI water, and in a DI solution of 15 µM G4NH2 dendrimers (Fig. 4.4a). We note that the emission peak redshifts from 281 to 290 nm
when suspended in water compared to in methanol, which we attribute to an increased
polarity of the fluorophore environment. The ODB emission further redshifts to 299 nm
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upon incubation with dendrimers, indicating that a significant fraction of ODB molecules
interacted directly with G4-NH2 rather than simply being suspended in smaller droplets
of C16.
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Figure 4.4 The fluorescence spectrum of ODB in various solutions (a) and the kinetics of fluorescence over
time (b). Increasing the solution temperature results in a linear decrease in fluorescence intensity (c)

We measured the kinetics of this fluorescence over time, monitoring ODB
emissions at 290 and 299 nm for pure water and dendrimer solution samples, respectively
(Fig. 4b). While the ODB fluorescence in water and with dendrimers began with nearly
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identical intensity, there was a marked initial decrease in water-suspended intensity, a
loss of approximately 30%. This indicates that many of the emulsion droplets in the water
suspensions quickly coalesced before the final stable emulsion was achieved. Even after
this relatively stable emulsion was formed, there is a slow (1.4%/h) continued
coalescence and a resulting phase separation of the oil-in-water emulsion. Such
coalescence is not seen in the dendrimer solution over the observed time period,
confirming that such suspensions are more stable than the oil-in-water emulsions. Based
on this fluorescence measurement, the stable suspensions formed with G4-NH2 at room
temperature accommodate 57 ± 4% more ODB-doped C16 than the oil-in-water emulsion,
highlighting the efficiency of dendrimer as oil dispersants. We also note that the nature of
the oil dispersion is different from an oil-in-water emulsion (Inset, Fig. 4.4b). The oil-inwater emulsion (left) is cloudy due to light scattering by large oil droplets, while the
dendrimer-dispersed oil (right) is clear, indicating the presence of much smaller
complexes in agreement with previous results that showed the formation of dispersed
C16-dendrimer complexes of approximately 200 nm.96 This further suggests that nearly all
suspended hydrocarbons are dendrimer-associated, since we did not observe any oil-inwater droplets that would be expected if dendrimers simply added encapsulated
hydrocarbons to an oil-in-water emulsion.
We also examined the fluorescence behavior in water and dendrimer suspensions
as a function of temperature (Fig. 4.4c, showing normalized fluorescence intensities.
Note that the initial drop in water suspension fluorescence intensity is due to the
coalescence observed at early times as in Fig. 4.4b, but not due to the increase in
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temperature. Therefore, normalization for the water curve was performed after this initial
drop in intensity. After this point, the water and dendrimer suspensions are statistically
identical and both intensities decrease linearly with increasing temperature. This linear
decrease in fluorescence intensity indicates simple thermal quenching as more rotational
and vibrational degrees of freedom are accessible with increasing temperature. We did
not observe any transition as was seen in incubation of pure PN with dendrimers. This is
primarily due to the fact that C16 has near zero water solubility, therefore eliminating the
competition with water solvation seen in the case of PN-dendrimer interactions. Because
of this lack of competition, the C16-dendrimer interactions are more stable at high
temperatures.
Because crude oil is a combination of aliphatic and aromatic hydrocarbons
(among other components), we created a “model crude” by dissolving PN in C16 (8% PN)
to investigate the interaction between G4-NH2 dendrimers and hydrocarbon mixtures. By
measuring the UV absorbance of PN as described above, the quantity of oil suspended in
the water column with and without dendrimers was calculated (Figure 4.5). In contrast to
the trend seen when incubated with pure PN, the dendrimer-associated PN remains
approximately constant with temperature across the entire tested temperature range.
These results suggest that the aliphatic C16 is able to synergistically facilitate stronger,
more stable interactions between dendrimers and PN that have little temperature
sensitivity. We hypothesize that C16 accomplishes this by eliminating the PN partition
competition from water solvation, serving as a stronger solvent inside the dendrimer
interior for PN. By assuming that the ratio of PN/C16 remains constant after interacting
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with dendrimers, we calculated the total suspended hydrocarbon concentration. The
increase in this total hydrocarbon concentration compared to that in water alone is shown
by the shaded area, reaching at least 35 µM hydrocarbon compared to ~10 µM of pure
PN (Fig. 4.2a); the total concentration of hydrocarbons with dendrimers in water reached
approximately 135 µM. Because of the behavior noted in the ODB-C16 study, we expect
that virtually all of the suspended PN and C16 were directly dendrimer-associated, which
indicates a strong hosting capacity of at least 9 hydrocarbons per dendrimer. This
capacity for suspending hydrocarbons persisted well beyond environmentally relevant
temperatures, and indeed even beyond the dissociation temperature for pure PN to break
down hydrophobic interaction and pi stacking.

Figure 4.5 The concentration of dendrimer-associated PN (green diamonds) after incubation of G4-NH2
with the PN-C16 solution. Gray area shows calculated increase in total hydrocarbons compared to oil-inwater emulsion
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4. Conclusions
In summary, we have shown that aliphatic, aromatic, and hybrid hydrocarbons bind
strongly with G4 PAMAM dendrimers at environmentally relevant temperatures.
Mixtures of aliphatic and aromatic hydrocarbons are synergistically dispersed by
PAMAM dendrimers, reaching a highly stable dispersion of at least 9 hydrocarbon
molecules per G4 dendrimer over a wide range of temperatures. At environmentally
relevant temperatures (i.e. less than approximately 32ºC), G4-SA and G4-NH2 bind much
more strongly to hydrocarbons than G4-OH due to this neutral dendrimer collapsing,
closing off access to the hydrophobic interior. However, changes in tertiary amine pKa
and resulting interior protonation in G4-SA due to the abundance of terminal acidic
groups severely limited their hydrocarbon hosting capacities. The dendrimer oil
dispersions were also shown to be significantly more stable and contained 57% more
hydrocarbon than simple oil-in-water emulsions. These results demonstrate that, when
their versatile physicochemical properties are utilized properly, dendrimers are very
robust as oil dispersants; we have also illuminated potentially unanticipated or
unintended effects of varying dendrimer surface functionality on hosting applications
including dispersion but also drug delivery and water purification that usually deal with
hydrophobic or charged ligand species.
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CHAPTER FIVE
ENVIRONMENTAL APPLICATIONS AND IMPLICATIONS OF GRAPHENE
DERIVATIVES
Radic, S.; Geitner, N. K. et al. Competitive Binding of Natural Amphiphiles with Graphene Derivatives.
Sci. Rep. 2013, 3, 2273. Reproduced in part with permission from Nature Publishing Group

1. Introduction
Due to their unique physical properties,130,131 graphene and graphene derivatives have
emerged as ideal materials for constructing novel nano- and quantum devices. The
potential applications of graphene derivatives range from electronic circuits and energy
storage to biomedical nanodevices for imaging, sensing, and diagnosis.19,20,36 The
increasing application and foreseeable mass-production of graphene derivatives,
however, will likely lead to their environmental discharge, while advances in graphenebased nanomedicine will induce biological exposure to such engineered nanostructures.
Consequently, it has become increasingly crucial to delineate the transformation,
evolution, transport, and biocompatibility of graphene derivatives in the aqueous phase,
ranging from biological to environmental systems.
Once discharged into the environment or introduced to biological systems,
graphene derivatives may interact with natural organic matter, biomolecules, and other
ionic and molecular complexes through self assembly and chemical reactions.51 Most of
these natural and bio-materials are amphiphilic in nature, and are usually comprised of
carbohydrates, peptides, and fatty acids. Since natural amphiphiles may bind with
graphene derivatives to render a biocorona,132 it is conceivable that the fate of graphene
derivatives in biological systems and the environment is determined by the entity of the
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biocorona rather than the nanomaterial substrates alone.133 Possessing vastly different
molecular morphology and physicochemical properties, natural amphiphiles are expected
to feature distinct binding affinities for graphene derivatives to ascribe the latter new
physical chemical and/or biological identities. Furthermore, differences in the
concentration and affinity of natural amphiphiles may lead to their competitive binding
for graphene derivatives, similar to the Vroman effect that is exhibited by serum proteins
adsorbed onto solid surfaces.134
The binding of small ligands and peptides to graphene derivatives has been a
subject of a few recent studies. For example, Dai et al showed that simple physisorption
through pi-stacking could be exploited to load doxorubicin -- a commonly used cancer
drug -- onto graphene oxide.135 It was demonstrated that uniformly dispersed graphene
oxide21 in a chitosan-ferrocene matrix became positively charged, thereby boosting its
capacity to stabilize biomolecules such as glucose oxidase and consequently facilitate the
fabrication of a glucose biosensor.136 Katoch et al showed that a dodecamer peptide could
bind to graphene by orienting its aromatic residues, such as tryptophan and histidine,
parallel to the nanosheet; by comparing the binding affinities of mutant peptides with
tryptophans substituted by alanines the researchers identified an essential role of
tryptophan in attributing to the strong binding of the peptide and the graphene.137 The
stability of peptides adsorbed onto a graphene nanosheet was studied through coarsegrained simulations, which underpinned the importance of p-stacking, van der Waals, and
hydrophobic interactions in the binding.138 Density functional theory calculations were
employed to study how biomolecular adsorption could affect the density of states of
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graphene nanosheets.139 These studies, however, mostly focused on the binding of
graphene derivatives with single-molecular or single-component amphiphiles. A
systematic study of the binding of graphene derivatives with a collection of representative
natural amphiphiles is essential for elucidating the transformation and dynamics of
graphene derivatives in complex biological and environmental media.
Herein we combined computational modeling and experimental characterizations
to examine the binding of graphene and graphene oxide with natural amphiphiles.
Specifically for simulations, we adopted cellulose dimers, tri-alanine peptides, and
palmitic acids as model amphiphiles (Figure 5.1) to represent the sugar, peptide, and fatty
acid moieties present in algal exudates used in our experiments, respectively. In addition
to being prevalent in aquatic environments, these molecular species are also ubiquitous
across the biosphere of living organisms. We performed discrete molecular dynamics
(DMD) simulations, a rapid dynamic sampling algorithm140 to characterize the binding
between the graphene derivatives and the natural amphiphiles. The molecular systems
were modeled using the united atom representation, in which polar hydrogen and heavy
atoms were explicitly modeled. The simulations were performed with implicit solvent,
and the interatomic interactions were modeled by a physical force field adapted from
Medusa, which include van der Waals, solvation, electrostatic, and hydrogen bond as
seen elsewhere.124,125 In these simulations, a graphene nanosheet was presented as a twodimensional honeycomb, where its aromatic carbon atoms featured van der Waals and
hydrophobic interactions. In contrast, graphene oxide was modeled by introducing
defects, epoxidations, hydroxylations, and carboxylations to its graphene backbone
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(Figure 5.1). These modifications rendered the graphene oxide surface more hydrophilic
in physicochemistry and rugged in morphology than graphene.
Also investigated here is a potential environmental application of graphene oxide,
namely the removal of polyaromatic hydrocarbons (PAH) from water. PAH are highly
ubiquitous and toxic pollutants, resulting from chemical spills and the burning of fossil
fuels in vehicles and power plants.97,98 Using the hydrocarbon naphthalene as a model,
we will compare the ability of graphene oxide to bind PAH with the previously
established hydrocarbon hosting capacity of PAMAM dendrimers.26,96 We will also
examine the differences in PAMAM dendrimer hosting capacity for naphthalene as a
function of dendrimer generation and draw conclusions on this structure-function
relationship.

2. Materials and Methods
Construction of the Model Systems
The graphene nanosheet was prepared using the VMD141 carbon nanostructure builder
plugin. The dimension of the nanosheet was set as 25×25 Å2. The structure of graphene
oxide was obtained by chemically editing the graphene nanosheet using Avogadro, a
cross-platform molecule editor.142 To mimic the experimentally observed structural
defects in graphene oxide,21,143 we included random vacancies in the graphene oxide
matrix. We then introduced epoxide, hydroxyl, and carboxyl groups to the lattice in a
stochastic manner while maintaining the valencies of the composing carbon atoms. After
the introduction of defects and chemical modifications, we performed energy
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minimization using the MMFF94s force field. Because of the introduction of sp3 carbons
on the planner carbon latter, the graphene oxide nanosheet became nonplanar after energy
minimization (Fig. 5.1).
The molecular structures of cellulose dimer, tri-alanine and palmitic acid were
generated and minimized using open babel.144 We adapted the MedusaScore force
field,124 an extended Medusa force field for small-molecule ligands,125 to model the interatomic interactions of biomolecules beyond proteins.

Figure 5.1 The structures of nanomaterials graphene (top left) and graphene oxide (top right) as well as
natural amphiphiles used in DMD simulations. Color scheme: brown – carbon, red – oxygen, blue –
hydrogen, green - nitrogen
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Simulation Setup
The simulation was setup in a cubic box with each dimension of 100Å. In our
simulations, we applied harmonic constraints to the edge carbon atoms of graphene and
graphene oxide with a weak spring constant k=0.1 kcal/mol·Å2. The rest of the nanosheet
atoms were free to move. For each of the molecular system, we first performed
equilibration simulations of 5 ns, and then production simulations of at least 50 ns.
In DMD simulations, the temperature unit is kcal/mol·kB. Here, kB is the
Boltzmann constant. For the replica exchange simulations, we used 14 replicas with
different temperatures to sample the conformational space. Ranges of temperatures used
in replica exchange were from 0.65 to 1.55 for graphene-cellulose, 0.65 to 1.4 for
graphene-peptide, 0.65 to 1.65 for graphene-palmitic acid, and from 0.35 to 1.2 for
graphene oxide-cellulose, 0.35 to 1.0 for graphene oxide-peptide and 0.5 to 1.0 for
graphene oxide-palmitic acid. The temperatures were adjusted to ensure sufficient
exchange between replicas with neighboring temperatures and that the exchange rates
were approximately equal.
To study competitive binding of the amphiphile mixtures, we placed a graphene
oxide nanosheet together with 14 cellulose, 6 peptide and 2 palmitic acid molecules in a
cubic box with the linear dimension of 110Å. We followed previous report of algae
exudate composition145 to set up the molecular system. We performed the constant
temperature DMD simulation at T=0.67 kcal/mol·kB for 50 ns
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Syntheses of Graphene Derivatives
Few-layer graphene samples were prepared using chemical vapor deposition technique.
Briefly, 25 mm Ni foils were placed away from the center of tube furnace (diameter: 24
mm), which was maintained at 900ºC under a flow of Ar (230 sccm) and H2 (120 sccm).
After 60 min, Ni foils were moved to the center and graphene was synthesized by
decomposing methane (10 sccm) for 10 min at a reduced temperature (850ºC).
Subsequently, methane flow was shut off and the samples were moved away from the
center. The furnace temperature was ramped down to 400ºC at 5ºC/min and was
maintained at 400ºC for 90 min. The H2 flow was shut off immediately upon reaching
400ºC, and the samples were cooled to room temperature under Ar flow.
For solvent exfoliation of graphene, bulk graphite (~1 g) was dispersed in 100 mL
of N-methyl-2-pyrrolidinone (NMP) and sonicated using 1/8’’ tip sonicator (Branson
250) at 100 W for 2 h. The resulting dispersion was filtered through a 0.45 mm nylon
filter and re-suspended in 100 mL of fresh NMP. Subsequently, the solution was bath
sonicated for 6 h and centrifuged at 500 rpm for 45 min. The supernatant was vacuum
filtered using a 0.45 mm nylon filter. Finally, the filtered powder was washed several
times using deionized water to remove residual NMP. We used a modified Hummer’s
method to prepare graphene oxide.
Briefly, exfoliated graphene (2 g) was dispersed in concentrated H2SO4 (46 mL).
KMnO4 (6 g) was added gradually with stirring in an ice bath. The mixture was then
stirred at 35ºC for 2 h, and deionized water (100 mL) was added. In 1 h, the reaction was
terminated by the addition of a large amount of deionized water (300 mL) and 30% H2O2
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solution (5 mL), causing violent effervescence and an increase in temperature to 100ºC,
after which the color of the suspension changed to bright yellow. The suspension was
washed with 1:10 HCl solution (500 mL) in order to remove metal ions by filter paper
and funnel. The paste collected from the filter paper was dried at 60ºC, until it became
agglomerated. The agglomeration was washed several times with deionized water and
air-dried to obtain graphene oxide samples.

UV-Vis Measurement
For UV-vis kinetics measurements, graphene was suspended in water from dry state and
both graphene and graphene oxide (both 10 mg/mL) were bath sonicated for 5 min. Algal
exudates, prepared as described previously,146 were then added and the resulting
suspensions

were

immediately

placed

in

a

temperature

controlled

UV-vis

spectrophotometer (Cary 300-Bio, Varian Instruments). The maximum temperature
fluctuation of the device was ±0.02ºC.

Binding Capacities of Graphene Oxide and PAMAM Dendrimers for Naphthalene
For the comparison of PAMAM dendrimer and graphene oxide binding capacities for
naphthalene (NAP), graphene oxide was obtained from Sigma Aldrich and G3-G6
PAMAM dendrimers from Dendritech Inc. All stock solutions were diluted to a final
concentration of 10 µg/mL and the pH adjusted to 8.0 using 1.0 N HCl or 1.0 N NaOH. 5
mL of each was then incubated at room temperature with 1 mg naphthalene under gentle
mixing for 4 hours. Final concentrations of naphthalene in solution, including that
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dissolved in water and adsorbed on water-soluble graphene oxide or PAMAM
dendrimers, was quantified by UV-vis spectrophotometry, measuring the UV absorbance
peak of naphthalene at 276 nm (Figure 5.2). Subtracting the measured concentration of
NAP in pure water resulted in calculated abundance of naphthalene adsorbed to each
respective nanomaterial in water.
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Figure 5.2 The UV absorbance of naphthalene dissolved in water. Future measurements were performed
measuring the peak with highest intensity, at 276 nm

3. Results and Discussion
Differential binding with Single Amphiphiles – DMD Simulations.
We first characterized the dynamics of single-molecular binding between the nanosheets
of graphene derivatives and the amphiphiles. We performed DMD simulations at
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different temperatures and monitored the binding along the simulation trajectories.
Accurate estimation of Tm, the midpoint temperature in dissociation or melting curves as
a function of temperature, requires sufficient sampling of the conformational space. We
therefore applied replica exchange DMD simulations123 (Methods) to enhance the
sampling, where multiple simulations were running in parallel at different temperatures
and the replica temperatures were subject to exchange periodically according to the
Metropolis criteria.147 A system in a kinetically trapped state has a chance to escape the
local minimum by running at a higher temperature, thus enhancing the sampling. Based
on the replica exchange simulations, we computed the thermodynamic parameters using
the weighted histogram method.148 For both graphene and graphene oxide, we performed
independent replica exchange DMD simulations of their binding to cellulose, tri-alanine,
and palmitic acid. We then computed the average number of contacts, Nc, as a function of
temperature. For comparison between different molecular systems, we normalized the
average Nc by its maximum value at low temperature to obtain the Q-value, which
quantified the fraction of inter-molecular contacts (Figure 5.3). The amphiphiles showed
a lower Tm when bound to graphene oxide than graphene, indicating a weaker binding
associated with graphene oxide due to its various surface modifications that compromised
inter-molecular hydrophobic interaction while encouraging electrostatic repulsion.

!

83!

Figure 5.3 Q-values (the fraction of inter-molecular contacts) for each individual natural amphiphile on
graphene (solid lines) and graphene oxide (dashed lines)

Interestingly, for both graphene and graphene oxide, palmitic acid displayed the
strongest binding while tri-alanine showed the weakest (Fig. 5.3). The strong binding of
palmitic acid to the nanosheets correlated with its longer molecular chain that consisted
of a higher number of hydrocarbons and hence a greater degree of chain flexibility. The
conformational flexibility of palmitic acid allowed its long hydrophobic tail to pack
tightly against the nanosheet, taking advantage of contributions from van der Waals and
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hydrophobic interactions. Both the cellulose and the peptide were more rigid and
hydrophilic compared to the palmitic acid tail. In addition, the higher melting temperature
for cellulose on graphene, compared to that for peptide, can be attributed to stacking. In
contrast to the ring-like structure of the cellulose, the peptide backbone of tri-alanine was
unable to form many contacts with the nanosheet. This is in agreement with the
molecular dynamics study by Katoch et al, in which a lower binding affinity was
observed when tryptophan residues were replaced by alanine. In the case of graphene
oxide, the melting curves for cellulose and peptide were closer to each other (Fig. 5.3),
suggesting that stacking was compromised by the functional groups of the nanosheet to
shield its aromatic structure.

Differential Binding with Algal Exudates – Experiments.
To complement the simulations, algal exudates were acquired from freshly cultured
Chlorella sp. following a protocol developed in our lab.146 The algal exudates were used
to mimic the natural amphiphiles of cellulose, peptides, and fatty acids in the simulations.
Graphene was synthesized using previously described chemical vapor deposition
method149 while graphene oxide was produced using the modified Hummer’s method.150
Graphene-based materials exhibited strong Raman spectra due to the double resonance
phenomenon.151 Importantly, the overtone of disorder band (referred to as the 2D-band)
exhibited two peaks at 2690 cm-1 and 2725 cm-1 (Figure 5.4a). This band is highly
sensitive to charge transfer from substrates, dopants or any adsorbents. We observed that
the 2D-band in graphene upshifted upon exposure to the algal exudates, suggesting a
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possible charge transfer from graphene to algal exudates. However, no such charge
transfer was observed in the case of graphene oxide, implying a weaker interaction
occurring between the graphene oxide and algal exudates, in agreement with our
simulations (Fig. 5.3). Furthermore, our Fourier transform infrared (FTIR) spectra (Fig.
5.4b) showed that the exudate peaks were present and absent in the graphene and
graphene oxide incubated with algal exudates and after washing with de-ionized water,
consistent with both the Raman spectra and the simulations.

Figure 5.4 The raman (a) and FTIR spectra (b) of graphene and graphene oxide interacting with algal
exudates. 1×: stock, 1/10×: ten-times diluted

To further examine the binding kinetics of graphene and graphene oxide with
algal exudates, we incubated the nanosheets with exudates in water and observed their

!

86!

precipitation at different temperatures (Methods). The absorbance peak of the algal
exudates at 205 nm was monitored over time for both graphene and graphene oxide
(Figure 5.5 a,b). The normalized absorbance value corresponded to the total fraction of
exudates and graphene (graphene oxide) still present in solution at a given time. This
process was performed with fresh suspensions at both 30ºC and 35ºC. We also performed
a control experiment of graphene and graphene oxide in the absence of algal exudates at
both temperatures, and did not identify significant temperature dependence of the control
precipitation over the temperature range examined.

Figure 5.5 UV-vis absorbance intensities of algal exudates incubated with graphene (a) and graphene oxide
(b) measured at 30ºC (blue) and 35ºC (red) over time. Control kinetics in the absence of algal exudates at
30ºC (with no significant difference seen at 35ºC) at concentrations equal to test samples

For both graphene and graphene oxide, algal exudates slowed the rate of
precipitation at both temperatures. This general behavior is indicative of exudates binding
with graphene and graphene oxide to render both types of nanosheets more water-soluble.
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The binding with algal exudates should also discourage pi-stacking of the nanosheets,
further slowing their rate of precipitation. The temperature-dependent behavior of
graphene and graphene oxide with algal exudates displayed qualitatively the same trends
– the overall difference in precipitation rate is due to the stark difference in
hydrophobicity between graphene and graphene oxide. During the initial precipitation at
30ºC, both graphene and graphene oxide with exudates followed the control precipitation
closely, indicating that under this temperature stacking of the nanosheets dominated
exudate- nanosheet interactions to favor precipitation. The suspensions at 35ºC showed
less pronounced precipitations, reaching a complete suspension after 50 min incubation
with the graphene oxide. After 240 min incubation with the graphene, while the
suspension reached 60% of normalized absorbance at 30ºC, it registered 86% of
normalized absorbance at 35ºC in the same time period. This behavior clearly confirmed
that significant binding occurred between algal exudates and both graphene and graphene
oxide, and this binding was further enhanced by elevated temperature.

Differential Binding with Multiple Amphiphilic Species – DMD Simulation.
To model the binding of graphene derivatives with a collection of natural amphiphiles in
biological and environmental media, we performed a constant-temperature DMD
simulation of a graphene oxide nanosheet mixed with the three amphiphilic species
simultaneously (Methods). We used the relative ratios of glucose to peptide to palmitic
acid as found in algal exudates,145 and accordingly we included 14 cellulose, 6 peptide,
and 2 palmitic acid molecules. The amphiphilic molecules were initially positioned away
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from the nanosheet (Fig. 5.6a). We chose a simulation temperature T < Tm of tri-alanine
binding. This temperature allowed rapid equilibration while all molecules were able to
bind to the graphene oxide nanosheet. We then monitored the number density of
molecules bound to the nanosheet as a function of the simulation time (Fig. 5.6b). The
averages and standard deviations (error bars in Fig. 5.6b) were computed over ten
independent simulations with different initial conditions. Due to their high
concentrations, peptides and celluloses rapidly covered the nanosheet to form a
nanosheet-amphiphile biocorona (Fig. 5.6a), which hindered the binding of palmitic
acids. However, due to their relatively weak binding affinity, the peptides and celluloses
on the nanosheet underwent rapid exchange with the molecules in solution to assume a
‘‘soft’’ biocorona.54 Despite having the lowest concentration in the simulation, palmitic
acids occasionally interacted with the dynamic biocorona under diffusion. The
hydrophobic palmitic acids could also bind to themselves before interacting with the
nanosheet. Once the nanosheet surface was available due to dynamic fluctuations,
palmitic acids bound to the surface and remained attached as evidenced by a monotonic
increase and small error bars of the corresponding number density (Fig. 5.6b). As a result,
the biocorona became ‘‘hardened’’ as the weakly bound peptides and celluloses were
replaced by the palmitic acids. In the case of higher stoichiometric ratios of amphiphiles
to the nanosheet, we expect a complete coverage of the nanosheet by strong binders like
the palmitic acids to render a ‘‘hard’’ biocorona. Our results illustrate the general
applicability of the Vroman effect for describing the binding kinetics of biomolecular
species competing for graphene derivatives.
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Figure 5.6 (a) Representative snapshots from simulations of graphene oxide with natural amphiphiles at 0,
8, and 50 ns simulation time. (b) The average number density of molecules, n, bound to the nanosheet as a
function of simulation time for each natural amphiphile as well as their sum
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Binding of Naphthalene in Water by Graphene Oxide and PAMAM Dendrimers
In order to compare the ability of graphene oxide and G3-6 dendrimers to bind
naphthalene (NAP) in water as a potential environmental application, each nanomaterial
was prepared in 10 µg/mL concentrations and incubated with an excess of NAP
(Methods). Note that while this preparation allows for a fair comparison in this
application, it also leads to drastically different molar concentrations of dendrimers, as
the molecular weights of G3, G4, G5, and G6 PAMAM dendrimers are 6.9, 14.2, 28.8,
and 58.0 kDa, respectively. The resulting measured total adsorption of NAP to each
material in water can be seen in Figure 5.7a. While we can see slight increases in NAP
adsorption from G3-6 dendrimers, GRO clearly adsorbs NAP in much higher quantities,
reaching approximately 110 µM compared to approximately 40 µM in the most efficient
dendrimer, G6. The advantage of graphene oxide when employed in equal mass
concentrations to dendrimers likely arises from a higher surface area per mass ratio. The
presence of pi-pi stacking between NAP and GRO in addition to hydrophobic interactions
seen with PAMAM dendrimers also likely makes binding with aromatic portions of GRO
stronger.
It is worthwhile to examine the dendrimers independently of GRO in order to
better understand the binding mechanisms with NAP as a function of generation. We next
calculated the number of NAP molecules bound to each dendrimer in solution (based on
molar concentrations) and plotted these values as a function of dendrimer molecular
weight (Fig. 5.7b). We can see that G3-5 dendrimers are capable of loading increasing
numbers of NAP molecules with increasing molecular weight in a distinctly linear trend.
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This suggests that qualitatively similar binding mechanisms and strengths are at work in
these smaller dendrimers, and increased loading capacity is due simply to increased size.
G6 dendrimers, however, depart sharply from this linear trend. This suggests a stronger
and qualitatively different binding mechanism with NAP. This is likely because G6
PAMAM dendrimers are significantly more dense than smaller generations,25 making
interactions with the small NAP molecules more efficient.

Figure 5.7 (a) The total naphthalene adsorbed to each respective nanomaterial, all of which are present in a
concentration of 10 µg/mL. (b) Based on molar concentrations, the calculated number of naphthalene
bound per dendrimer in solution as a function of dendrimer molecular weight. Error bars are standard
deviations (N=3)

4. Conclusions
We systematically studied the interactions of graphene derivatives with natural
amphiphiles to elucidate the general fate of graphene nanostructures in biological and
environmental milieu. Our computational studies showed that both graphene and
graphene oxide could bind to the amphiphiles, although graphene oxide displayed a

!

92!

weaker binding capacity owing to its surface charge and surface functionalization. Using
algal exudates as a model system, our experimental characterizations confirmed the
differential binding of graphene and graphene oxide for natural amphiphiles. Furthermore, our simulations revealed that natural amphiphiles of cellulose, peptide and palmitic
acid -- owing to their differences in hydrocarbon content, conformational flexibility, and
molecular geometry -- displayed distinct binding affinities for the graphene derivatives.
Specifically, we were able to directly observe in our simulations, for the first time, a
Vroman-like binding during which amphiphiles of different abundance and binding
affinity rapidly competed for the graphene nanosheet surface; here amphiphiles of high
abundance but low binding affinity readily covered the surface of the nanosheet to initiate
a ‘‘soft’’ biocorona, while amphiphiles of low abundance but high affinity eventually
took over to render a ‘‘hard’’ biocorona. This study offers a mechanistic basis for our
understanding of the physicochemical properties and the fate and implications of
graphene derivatives in biological and environmental matrices.
We have also investigated graphene oxide and G3-6 PAMAM dendrimers as
potential materials to enhance the removal of PAH from water systems. By comparing
the affinity of naphthalene to each of these nanomaterials on an equal-mass basis, we
found that graphene oxide has a significantly higher loading capacity than dendrimers per
unit mass. We also found that, among the PAMAM dendrimers investigated, generation 6
dendrimers had significantly higher naphthalene loading capacities than smaller species,
which cannot be accounted for simply by the increase in size. This is strong evidence of
the binding mechanism between PAMAM dendrimers and naphthalene in which multiple
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moieties or branches within the dendrimer must interact simultaneously with naphthalene
for stable binding. Therefore, the significantly more dense G6 dendrimers are
significantly more efficient in binding small PAH per dendrimer compared to lower
generations. These results will be important in the development and understanding of
nano-enabled systems for the efficient removal of polyaromatic hydrocarbons from water
and other systems, both for environmental remediation and water purification among
other applications. There are also clear implications on the understanding of dendrimers
with hydrophobic small molecules in general, as in the design of dendrimer drug delivery
agents.
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CHAPTER SIX
THE BIOLOGICAL INTERACTIONS AND IMPACT OF SILVER
NANOPARTICLES
Wen, Y, Geitner, N K et al. Binding of Cytoskeletal Proteins with Silver Nanoparticles. RSC Adv. 2013, 3,
22002. Reproduced in part with permission of The Royal Society of Chemistry

1. Introduction
Recently, it has been established that nanoparticles (NPs), when introduced to a
biological environment, readily bind with proteins and natural amphiphiles to render a
NP–protein “corona”.53,152 The formation of such NP–protein corona, or NP–biocorona in
general to encompass the broad interactions between NPs and both biological and
environmental species,153 has been shown to be dynamic (i.e. soft vs. hard corona)54,152 in
nature. The origin of the biocorona resides in the physicochemical properties (size,
charge, surface coating, and hydrophobicity) of the NPs convolved with the physical
(electrostatic, van der Waals, hydrogen-bonding, and hydrophobic) interactions between
the NPs and the molecular species constituting the biocorona.52 A number of recent
studies have revealed that the entirety of the NP–biocorona may dictate recognition and
uptake of the NPs by membrane receptors and other cellular machineries.50,154,155 The
association of NPs and proteins may also induce protein aggregation and nucleation that
are central to the origins of Alzheimer's, Creutzfeld-Jacob disease, and dialysis-related
amyloidosis.156,157 Furthermore, biocorona has been found to mitigate the cytotoxicity of
alveolar basal epithelial cells induced by graphene oxide51 and has shown promises for
bioimaging and sensing. The implications of NP–biocorona, therefore, encompass the
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fields of nanoscale assembly, physical chemistry, biophysics, as well as nanotoxicology,
bioengineering, and medicine.
It is noted that research on NP–protein corona to date has been primarily focused
on plasma proteins158 and little has been known regarding the surface modifications of
NPs post cell uptake that has broad implications for understanding the fate,
transformation, and discharge of NPs. Here we show how major cytoskeletal proteins,
tubulin and actin in particular, impact the solubility as well as ion release of silver NPs
(AgNPs) through their mutual binding. Actin and tubulin are present in intracellular
space in both monomer and polymer form and undergo dynamic exchange, with the vast
majority of the proteins present as monomers.159,160 AgNPs are one of the most produced
nanomaterials commercially available, owing to their antibacterial and antifungal
functions as well as their capability in generating surface plasmon resonance (SPR) for
enhanced optical detection and sensing.9,37 The cytotoxicity of AgNPs, on the other hand,
has been attributed partially to their physical adsorption onto cell membranes/walls and
partially to the release of silver ions in the intracellular space, which subsequently
triggers the production of reactive oxygen species (ROS).45,47 In addition, silver ions can
also be reduced to AgNPs by physicochemical processes such as cellular metabolism as
well as enzymatic activities.161 It is therefore necessary to examine the interactions of
cytoskeletal proteins with AgNPs for elucidating the transformation of NPs by ligands in
the intracellular environment. In this study, specifically, a collection of physical chemical
and analytical techniques, including dynamic light scattering, zeta potential, UV-vis
spectrophotometry, circular dichroism (CD) spectroscopy, hyperspectral imaging,
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transmission electron microscopy (TEM), and inductively coupled plasma mass
spectroscopy (ICP-MS) have been utilized to illustrate the various aspects of the binding
of cytoskeletal proteins with AgNPs. We here examine 30 nm, citrate-coated AgNP as
they are among the most common types of AgNPs produced. This study expands the
scope of our discussion on NP–protein corona from the bloodstream to the intracellular
space, and facilitates our understanding of NP–biomolecular interactions and their
implications on cell function and cytotoxicity.

2. Methods and Materials
Materials
Citrate-coated AgNPs (Biopure, 30nmin diameter, 1 mg mL-1; equivalent to 11.1 nM
particles) were purchased from NanoComposix (San Diego, CA) and stored at 4 ºC.
Cardiac actin (bovine heartmuscle, M.W.: 43 kDa) and tubulin (bovine brain, M.W.: 110
kDa) were purchased from Cytosketelon (Denver, CO). The actin was reconstituted to
46.5 µM (2 mg mL-1) with distilled water to form a stock solution in the buffer of 5 mM
Tris–HCl, pH 8.0, 0.2 mM CaCl2, supplemented with 0.2 mM ATP, 5% (w/v) sucrose
and 1% (w/v) dextran. The tubulin was dissolved to 10 µM (1.1 mg mL-1) by adding 227
µL GTB (General Tubulin Buffer: 80m MPIPES, pH 6.9, 2 mM MgCl2, and 0.5m
MEGTA). The stock actin and tubulin solutions were both stored at −20 ºC. The structure
with electrostatic potentials of both proteins can be found in Figure 6.1.
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Figure 6.1 Molecular structures and electrostatic potentials of a tubulin dimer (A) and actin (B)

Hydrodynamic size and zeta potential
The hydrodynamic sizes and surface charges of the actin (200 nM), tubulin (50 nM),
AgNPs (0.5 nM), actin–AgNPs (400:1 molar ratio), and tubulin–AgNPs (400:1 molar
ratio) were determined in standard 1 cm polypropylene cuvettes at room temperature by
dynamic light scattering (DLS) (Zeta-sizer Nano ZS, Malvern Instruments). The
cytoskeletal proteins were diluted from the stock solutions by adding deionized water to
minimize the influence of salts. The protein–AgNP mixtures were incubated for 2 h at 4
ºC prior to the measurements.
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UV-Vis spectrophotometry
To compare the binding affinity of actin and tubulin for AgNPs, the absorbance spectra
of the two types of protein coronae were measured using a UV-vis spectrometer (Cary
300 Bio, Varian) at room temperature from 350 to 500 nm. Deionized water (18 MΩ cm)
was used to dilute stock proteins and AgNPs to produce actin–AgNP mixtures at molar
ratios of 50–1500 and tubulin–AgNP mixtures at molar ratios of 20– 1500 (AgNPs all 0.1
nM). The cytoskeletal protein–AgNP solutions were incubated for 2 h at 4 ºC before
centrifugation at 8669 × g for 10 min. The absorbance spectra of the supernatants were
then measured using 1 cm path length quartz cuvettes and compared with the SPR
spectrum of the AgNPs. The observed spectral red-shifts were attributed to the formation
of biocoronae (which resulted in an increased local dielectric constant) as well as NP
aggregation.

Transmission electron microscopy (TEM) imaging
Direct observation of cytoskeletal protein–AgNPs protein corona was performed on a
Hitachi H7600 Transmission electron microscope, operated at a voltage of 120 kV.
Specifically, AgNPs (0.1 nM) were incubated with cytoskeletal proteins (40 nM) for 2 h
at 4 ºC before being drop-cast onto a copper grid and dried overnight at room
temperature. The proteins were negatively stained for 10 min using phosphotungstic acid
prior to imaging. All samples were prepared by directly diluting stock solutions with
deionized water.
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Hyperspectral imaging
Actin (40 nM) and tubulin (40 nM) each with AgNPs (0.1 nM) were prepared by diluting
stock solutions with deionized water and incubated for 2 and 48 h. Hyperspectral images
of the samples were collected using an enhanced dark field transmission optical
microscope (Olympus BX41) equipped with a hyperspectral imaging spectrophotometer
(400–1000 nm; resolution: 2.8 nm; CytoViva, Auburn, AL). Samples of 10 mL each were
wet-mounted on glass slides, covered with #1 coverslips, and completely sealed with
lacquer to prevent water evaporation. A hyperspectral image of 0.1 nM AgNPs in the
absence of protein was collected as a control. The spectra for every particle or aggregate
in the image were obtained and the peak scattering wavelengths for each particle
identified by an automated process. A bin width of 5 nm was used to generate histograms
of the peak scattering wavelengths of the samples ranged primarily between 500 and 660
nm. Peak scattering wavelengths of less than 500 nm were allocated in the first “500 nm”
bin while those larger than 660 nm were grouped in the last “660 nm” bin. The cross
correlation between any pair of hyperspectral profiles was computed as the Pearson
product-moment correlation coefficient:
r=

∑ ( x − x )( y − y )
∑ ( x − x ) ∑ ( y − y)
i

i

i

2

i

i

i

2

i

where xi and yi correspond to the histogram counts of a given wavelength bin. A
correlation coefficient of r=1 suggests a high similarity between two spectral
measurements, while a correlation coefficient close to 0 denotes low to no similarity.
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Circular dichroism (CD) spectroscopy
To probe changes in the secondary structures of actin and tubulin resulting from their
binding with the citrate-coated AgNPs, CD measurements were performed at room
temperature using a Jasco J-810 spectropolarimeter (Easton, MD). The CD spectra were
collected from 190 nm to 300 nm. The protein structures were measured for cytoskeletal
proteins (0.25 mg mL-1, or 5.8 mM for actin and 2.27 mM for tubulin) and cytoskeletal
proteins (0.25 mg mL-1) mixed with AgNPs (0.05 mg mL-1, 0.555 nM) in deionized water
in quartz cuvettes (Starna Cells, Atascadero, CA). To minimize the influence of buffer
salts on the measurements, the proteins and protein–AgNP mixtures were directly diluted
by deionized water from the stock actin, tubulin, and citrate-coated AgNP suspensions.
The protein CD spectra were measured within 1 h of sample preparation to avoid protein
denaturation in the absence of salts. The CD spectra of proteins–AgNP were measured
after 30 min of incubation. The spectrum of each sample was averaged over three scans
taken at 20 nm min-1 and subtracted by the blanks of deionized water. The measured
ellipticity value (θ, in mdeg) was converted to standard units of deg·cm2 dmol-1
designated as [θ] using equation [θ] = (θ × M0)/(10 000 × Csoln × L), where M0 is the
mean residue molecular weight (114 g mol-1), Csoln is the protein concentration (g mL-1),
and L is the path length through the buffer (cm).162 Once the CD spectra were acquired,
they were converted to respective molar ellipticity units to predict secondary structures
by the CONTIN/LL and CDSSTR methods afforded by the CDPro package, using the
SP43 and SP48 protein reference datasets. Each of the deconvoluted spectra were then
assessed for quality by analyzing the R-fit using non-linear regression. The final
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secondary structures represented the averaged structures obtained from all of the reliable
outputs (R-fit < 10) resulting from the data analysis.

Inductively coupled plasma mass spectrometry (ICP-MS)
AgNPs in aqueous readily release silver ions over time, and the rate of this dissolution
may be greatly reduced by capping agents or a biocorona on the particle surface. Direct
observation of the release rate of silver ions by AgNPs was performed using ICP-MS (X
Series 2, Thermo Scientific). Specifically, AgNPs (5 mg L-1, 0.0555 nM) were incubated
with actin (5 mg L-1, 116 nM) or tubulin (5 mg L-1, 45 nM) after directly diluting the
stock solutions with deionized water. After incubating for up to 72 h, the cytoskeletal
protein–AgNPs mixtures were centrifuged twice at 12,100 × g for 30 min and their
supernatants were collected. The supernatants were then diluted with 2% HNO3 and
measured in triplicate by ICP-MS using a standard silver ion solution and 45Sc and 69Ga
as internal standards.

3. Results and Discussion
As shown in Table 1, the zeta potentials of proteins–AgNPs are closer to that of proteins
than to AgNPs. This is due to the coating of cytoskeletal proteins on the AgNPs as well
as free proteins, as reflected by the TEM images (Figure 6.2). Actin and tubulin both
yielded high standard deviations for their zeta potentials, possibly due to self-aggregation
and minor polymerization. In addition, actin–AgNP displayed a smaller standard
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deviation in zeta potential than tubulin–AgNP, implying that the actin–AgNP biocorona
was more homogeneous than the tubulin–AgNPs biocorona.

Table 6.1 Characterization of AgNP and AgNP biocoronae

AgNPs
Actin
Actin-AgNPs
Tubulin
Tubulin-AgNPs

Hydrodynamic size (nm)
35.7 ± 0.2
~2.0
39.4 ± 0.7
~9.0 (aggregates)
44.8 ± 0.6

Zeta potential (mV)
-42.5 ± 0.1
-28.0 ± 5.6
-31.6 ± 0.8
-27.1 ± 3.3
-27.0 ± 2.6

Figure 6.2 TEM images of (left) citrate-coated AgNPs, (middle) actin-AgNP, and (right) tubulin-AgNP.
Scale bar: 100 nm

Actin (polydispersity index or PDI: 0.659) and tubulin (PDI: 0.662) displayed
broad size distributions in their buffers. However, the proteins–AgNPs were more
uniform in size (PDI: 0.286 for actin–AgNP and 0.290 for tubulin–AgNP), evidently due
to the breakage of protein aggregates by the AgNPs. The hydrodynamic size of actin–
AgNPs increased by 3.7 nm than AgNPs (~twice the hydrodynamic size of actin),
indicating coating of a single actin layer on the AgNPs. In comparison, the hydrodynamic
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size of tubulin–AgNP increased by 9.1 nm (~the hydrodynamic size of tubulin) than
AgNPs, suggesting that the AgNPs were partially coated by a single layer of tubulin.
These results agree qualitatively with the UV-Vis absorbance and TEM data (Figs. 6.2
and 6.3). By comparing the UV protein absorbance intensities (280 nm for tubulin, 260
nm for actin) after 2 h incubation of proteins with AgNPs (1500:1 molar ratio) and
removing all AgNPs and strongly bound cytoskeletal proteins by centrifugation and
comparing to control protein UV-Vis spectra, we concluded that AgNPs have a strong
binding capacity for 150 and 300 tubulin and actin molecules per particle, respectively.
This further suggests that monolayers being formed on the nanoparticle surfaces. The
smaller size and greater flexibility of actin (~2 nm) compared to tubulin (~9 nm) as well
as the hydrodynamic size data suggest that actin results in more complete surface
coverage of the AgNPs. This explains the greater SPR redshift seen in Fig. 6.1, as a larger
degree of surface coverage by proteins will result in a more significant change in the
local dielectric constant, resulting in a more significant red-shift of the AgNP SPR.
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Figure 6.3 Red-shifts of AgNP UV-vis absorbance peak wavelengths induced by interactions with
cytoskeletal proteins. Horizontal axis shows the molar ratios of proteins to AgNPs

Hyperspectral imaging combines high signal-to-noise dark field microscopy with
high-resolution scattering spectra for each pixel (Figure 6.4) and has been employed
recently for the detection of NPs and their aggregations.163,164 Since protein coating
induced red-shifts in the SPR spectra of the AgNPs, red-shifts also occurred in the peak
scattering wavelengths for protein-coated AgNPs than AgNPs alone. Our hyperspectral
imaging showed a maximum spectral peak at 550 nm for the AgNPs (Fig. 6.5, orange
bars in top and middle panels), as a result of AgNP self-aggregation. In comparison, a
slight blue-shift was observed for actin–AgNPs with 2 h incubation and a further
enhanced blue-shift was observed for actin–AgNP with 48 h incubation, likely through
continued breakage of AgNP aggregates over time (Fig. 6.5, top and lower panels).
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Indeed, the cross-correlations of the hyperspectral histograms for actin-AgNP at 2 h and
48 h with AgNPs at 2 h are 0.97 and 0.24, respectively. In contrast, the spectra of
tubulin–AgNP after 2 h incubation yielded a broader distribution compared with AgNPs
alone (Fig. 6.5 middle panel, orange vs. green bars), likely caused by self-aggregation
and polymerization of the tubulin. Like actin, tubulin also facilitated the breakdown of
AgNP aggregates, though less effectively (Fig. 6.5, middle vs. top panel, see counts for
wavelengths below 550 nm) and displaying no apparent time dependence (cross
correlations with AgNPs at 0.63 vs. 0.60, Fig. 6.5 lower panel), which indicates that the
biocoronas were stable in solution and did not dissociate or degrade with time.

Figure 6.4 Hyperspectral CytoViva images and corresponding spectra for actin-AgNP (a) and tubulinAgNP (b).
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Figure 6.5 Top and middle panels: histrograms of the hyperspectra of AgNPs and protein-AgNPs. Bin
width: 5 nm. Each histogram is derived from beteween 89-359 individual AgNP or aggregates. Bottom
panel: cross correlations of the hyperspectral histograms
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The secondary structures of actin and tubulin were altered resulting from their
interactions with the AgNPs (Figure 6.6). Specifically, the alpha helices of actin showed
a 24% relative decrease (from 38% to 29%) while beta sheets a 36% relative increase
(from 25% to 34%) upon their binding to the AgNPs. No changes were observed for the
percent of random coils. In comparison, the alpha helices of tubulin displayed a 17%
relative decrease (from 35% to 29%), beta sheets a 5% relative increase (from 21% to
22%), and random coils an 11% increase once bound to the AgNPs. In other words, both
actin and tubulin showed a decrease in alpha helices and an increase in beta sheets upon
biocorona formation, similar to that observed for tubulin exposed to hydroxylated
fullerene. In addition, the conformational changes were greater for actin than tubulin,
consistent with our UV-Vis absorbance measurement and hyperspectral imaging (Figs.
6.3 and 6.5).

Figure 6.6. The secondary structures of actin, tubulin before and after interactions with AgNP. Note
consistent decreases in alpha helices and increases in beta sheets for both proteins
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The differential binding of actin and tubulin for AgNPs, as reflected by the
absorbance, hyperspectral imaging, and CD measurements, can be derived from the
discrepancies in the physicochemical and structural properties of the two types of
cytoskeletal proteins. Since both actin and tubulin are rich in alpha helices (both at 35%)
and turns and their zeta potentials were nearly identical, at approximately −27 to −28 mV
(Table 6.1), we attribute the observed differential binding to the differences in the rigidity
and size of the two types of proteins. Structurally, actin is a globular protein of 43 kDa
while tubulin is an alpha-beta dimer of 110 kDa. Both actin and tubulin can be
polymerized into microfilaments and microtubules respectively under favorable
conditions, with microtubules possessing a higher rigidity and a much longer persistence
length than actin filaments. In the cell, actin carries out more interactions than most other
proteins and it is conceivable that actin bound more efficiently to citrate-coated AgNPs
than tubulin. Such binding is likely realized via hydrogen bonding between the citrate
coating of the AgNPs and the abundant peripheral alpha helices and turns of the proteins,
in addition to electrostatic, van der Waals, and hydrophobic interactions between the two
species, similar to what we observed for AgNP–ubiquitin biocorona.165 The hydrogen
bonding with citrate-coated AgNPs perturbed the structural integrity of the alpha helices
and turns that populated the protein surfaces, as reflected by our CD measurements for
both actin and tubulin (Fig. 6.6). Due to the highly localized nature of hydrogen bonding
(typically 2–3 angstroms in bond length), the larger sized tubulin should be less efficient
than actin for their binding to the AgNPs that possessed a significant curvature. The
effect of NP size on binding energies and conformational changes in cytoskeletal proteins
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is a subject of future discrete molecular dynamics (DMD) studies; it is expected that
smaller NPs will cause more conformational changes compared to larger particles and
will favor binding by smaller, more flexible proteins.155 Furthermore, as a non-covalent
capping agent, citrate could undergo rapid and stochastic exchanges with the cytoskeletal
proteins in aqueous for adsorbing onto the AgNPs. Sterically, the smaller actin should be
more flexible than tubulin in occupying the AgNP surface areas transiently free from
citrate coating, through electrostatic and hydrophobic interactions. Previous experimental
and our computational studies have shown that AgNPs prefer to bind to negatively
charged protein surfaces. Such potential binding sites are highlighted as clusters on
tubulin and actin, with their residues specified in Figure 6.1.
As shown in Fig. 6.7, without the presence of cytoskeletal proteins (black curve)
AgNPs rapidly released silver ions, from 0.13 to 0.20 mg L-1 within the first 4 h, while
the rate of release levelled off subsequently for the total observation period of 72 h. The
released silver ions reached a concentration of ~0.27 mg L-1 at 72 h for an original AgNP
concentration of 5 mg L-1, implying a ~5% dissolution of the NPs. In the presence of
actin and tubulin (blue and red curves), in contrast, the release of silver ions progressed at
a slower pace, from ~0.06 to 0.08 mg L-1 during the first few hours. Such ion release was
then briefly saturated, reduced, and leveled off to a final concentration of ~0.05 mg L-1,
or ~20% of that released by AgNPs over 72 h without the presence of proteins. This
measurement implies that the coating of cytoskeletal proteins on the AgNPs physically
hindered the release of silver ions, and the dynamic process of biocorona formation
competed with and eventually dominated silver ion release to stabilize the AgNPs. This
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time-dependent result further suggests that the conformation and physicochemical
properties of AgNPs are better preserved by hardened cytoskeletal proteins. However, it
also implies that the formation of this biocorona alone is insufficient to fully scavenge
silver ions that are a major cause of triggering ROS production and cytotoxicity.

Figure 6.7 The release of silver ions with and without the presence of proteins, measured (n=3) by ICP-MS

4. Conclusions
In summary, we have shown that cytoskeletal proteins can interact readily with citratecoated 30 nm AgNPs, likely through hydrogen bonding, electrostatic, van der Waals, and
hydrophobic interactions. Changes in the size and surface coating are expected to affect
protein binding energies and electrostatic interactions and are the subject of ongoing
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study. In general, actin showed a higher propensity than tubulin for binding with the 30
nm citrated-coated AgNPs, likely originated from their smaller size and less rigidity.
Binding with AgNPs induced changes in the secondary structures for both types of
proteins, while compromised silver ion release from the AgNPs as a result of biocorona
formation and hardening. The knowledge derived from this study may facilitate our
understanding of the fate and transformation of nanomaterials in mammalian and plant
cells, and should have relevance to the field studies of NP–biomolecular interaction,
toxicology, biosensing, and medicine involving metallic NPs.
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CHAPTER SEVEN
CONCLUSION AND FUTURE DIRECTIONS

1. Introduction
This dissertation has focused on the environmental applications and implications of
various nanomaterials, including dendritic polymers, graphene derivatives, and metallic
nanoparticles. Such knowledge will be vital as the use of nanomaterials grows in a
multitude of sectors, ultimately resulting in the inevitable release of nanomaterials into
the environment. Such materials also offer profound potential in environmental
applications such as remediation, detection, and water purification.
This work has been divided into several portions, namely, the Proof of Concept of
Dendritic Polymers as Oil Dispersants, the Environmental Impact of Dendritic Polymer
Oil Dispersants, the Structure-Function Relationship of Dendrimers as Robust HostGuest Agents, the Environmental Applications and Implications of Graphene Derivatives,
and the Biological Interactions and Impact of Silver Nanoparticles.

2. Proof of Concept of Dendritic Polymers as Oil Dispersants
In this study, I investigated the interactions between G4 PAMAM dendrimers and
hyperbranched polyethyleneimine (HY) with the model hydrocarbons phenanthrene (PN)
and hexadecane (C16) using UV-vis spectrophotometry, dynamic light scattering, zeta
potential, and static contact angle measurements. In summary, both G4 and HY dendritic
polymers possessed a strong capacity for forming complexes with both linear and poly-
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aromatic hydrocarbons, as evidenced by distinct UV-vis signatures of hydrocarbons in
aqueous solution, growth in polymer hydrodynamic size, as well as significant decreases
in contact angle on Teflon to manifest a more hydrophobic solution. The 27.36 ×
improvement in the solubility of PN in water for G4 and 33.66 × improvement (without
observed saturation) for HY are strong indicators of their potential as oil dispersants. In
consideration of the significantly lower cost of HY than G4 as well as the comparable
(for polyaromatic PN) or more favorable hosting capacity (for linear C16) of HY as shown
in this study, HY polymers seem to be a better choice than PAMAM dendrimers for the
practice of oil dispersion. This is understandable because of the more hydrophobic
interior and more open structure of the HY polymers, which cater for a greater
accessibility of linear and nonlinear hydrocarbons. Further studies, however, focused on
PAMAM dendrimers because of their well-known structure and monodispersity, allowing
for a greater understanding of the physical mechanisms at work.

3. Environmental Impact of Dendritic Polymer Oil Dispersants
Here, G4 PAMAM dendrimers were incubated with the soil amoeba Dictyostelium
discoideum both with and without the presence of a model polyaromatic hydrocarbon,
phenanthrene. Using fluorescence-based assays for amoeba culture proliferation and
membrane potential as well as bright field and fluorescence imaging and a novel cell
association experiment using fluorescently labeled dendrimers, I investigated the
mechanisms of dendrimer oil dispersant toxicity towards these amoebas.
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I found that the dendrimers alone were taken up by the amoebae, which at
concentrations of at least 10 µM resulted in significant toxicity. The mechanism of this
toxicity is presumed to be the adsorption and uptake of highly cationic dendrimers, which
resulted in the depolarization of the cellular membranes. This uptake of dendrimers was
confirmed by cell association experiments at room temperature and 2 ºC. At lower
concentrations (1 µM), however, we saw no acute toxicity or proliferation inhibition
towards these amoebae. We also observed that the ability of amoebae to take up
dendrimers loaded with PN was significantly decreased, likely due to increased
membrane retention as a result of the increased hydrophobicity of the complexes.
Consequently, the presence of cationic dendrimers in intracellular space was reduced,
giving rise to reduced membrane depolarization and reduced toxicity. This finding that
the dispersant is in fact less toxic to D. discoideum upon capturing PN is noteworthy and
in stark contrast to other dispersant studies, in which oil-dispersant complexes are
typically equally or more toxic than either the dispersant or oil alone. The work presented
in Chapter 2 showed that G4 PAMAM dendrimers were capable of solubilizing both
polyaromatic and linear hydrocarbons across a wide range of concentrations. This alone
presents a significant advantage over surfactant-based oil dispersants, which must act
collectively to be effective. By utilizing dendrimers in low concentrations, we are
presented with a nonlinear oil dispersant which is effective not only in hosting capacity
but also non-toxic to soil amoebae upon contact with the shoreline. It is not difficult to
extend this conclusion to marine amoebae, which would be more immediately impacted
by the deployment of any oil dispersant.

!

115!

4. The Structure-Function Relationship of Dendrimers as Robust Host-Guest Agents
In Chapter 4, I investigated the effects of varying the surface charge and functionality on
dendrimers’ ability to serve as effective oil dispersants. Synergistic experiments and
molecular dynamics simulations are performed to probe the interactions, limitations, and
differences between cationic, anionic, and neutrally charged PAMAM dendrimers with
linear, polyaromatic, and hybrid hydrocarbons as well as the combination thereof.
I showed that aliphatic, aromatic, and hybrid hydrocarbons bind strongly with G4
PAMAM dendrimers at environmentally relevant temperatures. Mixtures of aliphatic and
aromatic hydrocarbons are synergistically dispersed by PAMAM dendrimers, reaching a
highly stable dispersion of at least 9 hydrocarbon molecules per G4 dendrimer over a
wide range of temperatures. At environmentally relevant temperatures (i.e. less than
approximately 32ºC), G4-SA and G4-NH2 bind much more strongly to hydrocarbons than
G4-OH due to this neutral dendrimer collapsing, closing off access to the hydrophobic
interior. However, changes in tertiary amine pKa and resulting interior protonation in G4SA due to the abundance of terminal acidic groups severely limited their hydrocarbon
hosting capacities. The dendrimer oil dispersions were also shown to be significantly
more stable and contained 57% more hydrocarbon than simple oil-in-water emulsions.
These results demonstrate that, when their versatile physicochemical properties are
utilized properly, dendrimers are very robust as oil dispersants; I also illuminated
potentially unanticipated or unintended effects of varying dendrimer surface functionality
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on hosting applications including dispersion but also drug delivery and water purification
that usually deal with hydrophobic or charged ligand species.

5. Environmental Applications and Implications of Graphene Derivatives
In this chapter, I extended my environmental studies to include graphene and graphene
oxide, both materials of enormous potential in a wide variety of applications. First,
synergistic DMD simulations together with my experimental results aimed to understand
the interactions between these materials and a collection of natural amphiphiles found in
algal exudates, with implications on the environmental persistence, transport, and impact
of graphene derivatives. In a second study I compared the ability of graphene oxide and
G3-6 PAMAM dendrimers to bind with a model polyaromatic hydrocarbon, naphthalene,
for a water purification and environmental remediation application of these materials.
Our computational studies showed that both graphene and graphene oxide could
bind to the amphiphiles, although graphene oxide displayed a weaker binding capacity
owing to its surface charge and surface functionalization. Using algal exudates as a model
system, our experimental characterizations confirmed the differential binding of graphene
and graphene oxide for natural amphiphiles. Further- more, our simulations revealed that
natural amphiphiles of cellulose, peptide and palmitic acid -- owing to their differences in
hydrocarbon content, conformational flexibility, and molecular geometry -- displayed
distinct binding affinities for the graphene derivatives. Specifically, we were able to
directly observe in our simulations, for the first time, a Vroman-like binding during
which amphiphiles of different abundance and binding affinity rapidly competed for the

!

117!

graphene nanosheet surface; here amphiphiles of high abundance but low binding affinity
readily covered the surface of the nanosheet to initiate a ‘‘soft’’ biocorona, while
amphiphiles of low abundance but high affinity eventually took over to render a ‘‘hard’’
biocorona. This study offers a mechanistic basis for our understanding of the
physicochemical properties and the fate and implications of graphene derivatives in
biological and environmental matrices.
By comparing the affinity of naphthalene to each of these nanomaterials on an
equal-mass basis, I found that graphene oxide has a significantly higher loading capacity
than dendrimers per unit mass. I also found that, among the PAMAM dendrimers
investigated, generation 6 dendrimers had significantly higher naphthalene loading
capacities than smaller species, which cannot be accounted for simply by the increase in
size. This is strong evidence of the binding mechanism between PAMAM dendrimers
and naphthalene in which multiple moieties or branches within the dendrimer must
interact simultaneously with naphthalene for stable binding. Therefore, the significantly
more dense G6 dendrimers are significantly more efficient in binding small PAH per
dendrimer compared to lower generations. These results will be important in the
development and understanding of nano-enabled systems for the efficient removal of
polyaromatic hydrocarbons from water and other systems, both for environmental
remediation and water purification among other applications. There are also clear
implications on the understanding of dendrimers with hydrophobic small molecules in
general, as in the design of dendrimer drug delivery agents.
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6. The Biological Interactions and Impact of Silver Nanoparticles
In this final experimental chapter, we conducted studies on the interactions between
silver nanoparticles and cytoskeletal proteins, critical in the understanding of the fate and
impact of silver nanomaterials in intracellular space.
Using traditional biophysical techniques such as transmission electron
microscopy, UV-vis spectrophotometry, circular dichroism, and ICP-MS as well as new
techniques using enhanced dark field hyperspectral imaging and analysis, we illuminated
the extent and nature of these interactions. I showed that cytoskeletal proteins can interact
readily with citrate-coated 30 nm AgNPs, likely through hydrogen bonding, electrostatic,
van der Waals, and hydrophobic interactions. Changes in the size and surface coating are
expected to affect protein binding energies and electrostatic interactions and are the
subject of ongoing study. In general, actin showed a higher propensity than tubulin for
binding with the 30 nm citrated-coated AgNPs, likely originated from their smaller size
and less rigidity. Binding with AgNPs induced changes in the secondary structures for
both types of proteins, while compromised silver ion release from the AgNPs as a result
of biocorona formation and hardening. The knowledge derived from this study may
facilitate our understanding of the fate and transformation of nanomaterials in
mammalian and plant cells, and should have relevance to the field studies of NP–
biomolecular interaction, toxicology, biosensing, and medicine involving metallic NPs.
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7. Future Directions
Ongoing and future work related to this dissertation will primarily focus on the further
development of dendritic polymers as effective and biocompatible oil dispersants. First,
DMD simulations will be carried out in order to better understand mechanisms of oil
dispersion by dendritic polymers. Initial simulations will include one dendrimer and one
hydrocarbon (one with C16 and one with phenanthrene, as model hydrocarbons). Further
simulations will then include one dendrimer with many C16 or many phenanthrene
molecules as well as the combination thereof. In this way we may understand the
mechanisms of oil dispersion by dendritic polymers, whether these interactions are
cooperative or anti-cooperative, and potentially observe the synergistically enhanced
binding of aromatic hydrocarbons through interactions with aliphatic hydrocarbons.
Experimental studies related to this project will focus on specific chemical
alterations of both PAMAM dendrimers and hyperbranched polyethyleneimine. In our
lab as well as with collaborators, we will alter the surface chemistry of these dendritic
polymers, changing them from cationic to anionic in a controlled fashion. We expect that
the structural changes induced by such alterations may be noticeably different between
dendrimers and dendritic polymers due to differences in density and crowding,
particularly at the terminal groups. Studies will include the effectiveness of dendritic
polymer oil dispersants after modification with anionic groups of varying chain length.
We will also investigate the changes in toxicity and associated mechanisms of the altered
materials with the expectation of significantly reduced cellular uptake and toxicity, thus
establishing dendritic polymers as both effective and biocompatible dispersants.
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